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ABSTRACT 


The  major  products  formed  in  irradiated  cyclohexene  were 
hydrogen  (G^  =  1.28),  cyclohexane  (G^  =  0.95), 

2,2 '-dicyclohexenyl  (G^  =  1.9l±),  3-cyclohexylcyclohexene  (G^  =  0.60), 
dicyclohexyl  (G^=  0.23),  polymer  (G  =  2*3  units,  excluding  dimer) 
and  an  unidentified  dimer  (G^  =  0.22).  The  yields  of  benzene, 

1,3-  and  l,li-cyclohexadiene  were  <0.05,  <0.1  and  "'■/0.0£  respectively. 
The  major  products  were  not  appreciably  dependent  on  dose  rate  over 
the  dose  rate  range  1.3  x  10^  -  2.6  x  10^  ev/g  hour.  The  following 
product  yields  were  obtained  for  the  radiolysis  of  cyclohexene-d^  . 
Hydrogen  (G  =  0.65),  cyclohexane  (G  =  0.66), 

2,2 '-dicyclohexenyl  (G  =  1.36),  3-cyclohexylcyclohexene  (G  *  0.66), 
dicyclohexyl  (G  =  0.U7)  and  unidentified  dimer  (G  ■  0.32). 


It  appeared  from  the  nature  of  the  products  and  their 
distribution, that  radicals  played  an  important  role  in  the  radiation 
chemistry  of  cyclohexene.  The  most  satisfactory  explanation  for  the 
absence  of  a  dose  rate  dependence  in  the  cyclohexene  product  yields 
appears  to  be  that  the  cyclohexyl  and  cyclohexenyl  radicals  react 
among  themselves,  and  do  not  react  to  an  appreciable  extent  with  the 
substrate  in  the  dgse  rate  region  studied. 


Both  added  benzene  and  added  1,3-cyclohexadiene  inhibited  all 
the  major  products  of  the  cyclohexene  system.  The  latter  was  the  more 
effective  inhibitor.  The  effect  of  benzene  was  apparently  due  to 
"sponge  type"  protection.  Energy  transfer  from  cyclohexene  to 
1,3-cyclohexadiene  also  occurred.  Dimerization  of  the  1,3-cyclohexadiene, 
and  polymerization  were  important  processes  for  the  solutions  of 


1,3-cyclohexadiene  in  cyclohexene. 


Added  l,U-cyclohexadiene  inhibited  all  of  the  cyclohexene 
type  dimeric  products,  but  enhanced  the  yield  of  cyclohexane 
slightly.  Both  energy  transfer  from  cyclohexene  to  l,U-cyclohexadiene 
and  radical  reactions  with  the  l,li-cyclohexadiene  appeared  to  be 
occurring. 
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SECTION  I 


-  INTRODUCTION 
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SECTION  I  -  INTRODUCTION 


(A)  RADIATION  CHEMISTRY 
(a)  General 


Radiation  chemistry  is  the  study  of  the  chemical  effects  of 

ionizing  radiation  on  matter*  The  ionizing  radiation  may  consist  of 

naturally  emitted  particles  (<*-  and  /3-rays),  artificially  accelerated 

particles  (electrons,  protons,  deuterons  etc.),  natural  electromagnetic 

radiation  (Y-rays)  or  artificial  electromagnetic  radiation  (X-rays),  (l). 

60 

In  this  work  the  chemical  effects  of  Co  /-rays  were  studied.  The 
disintegration  scheme  for  Co^  is  given  in  Figure  1.1,  (2) 


27 


Co 


60 


1.17  Mev 


1.33  Mev 


FIGURE  1.1 


Since  0.31  Mev yS -rays  can  be  stopped  by  0.3  mm  of  glass  (3),  the  chemical 
effects  observed  resulted  from  the  absorption  of  the  1.17  and  1.33  Mev  Y-rays. 
The  interaction  of  such  Y-rays  with  matter  will  be  described  in  the  next 


section. 
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(b)  Interaction  of  Co^  Y-rays  with  Matter 

Electromagnetic  radiation,  with  photon  energies  in  the  region 
3 

above  10"^  ev,  might  interact  with  matter  by  one  or  more  of  four 

processes.  These  are  the  photoelectric  process,  the  Compton  process, 

pair  production  and  photodisintegration  (U).  Photodisintegration  is 

only  important  for  photon  energies  >*  20  Mev.  The  contribution  of 

each  of  these  processes  to  the  total  energy  absorbed  depends  upon  the 

photon  energy,  and  the  atomic  number  of  the  absorbing  material.  The 

Compton  process  is  the  only  effective  type  of  energy  absorption  for 

/  60  ...  x 

photons  in  the  1  Mev  energy  range,  (e.g.  Co  6 -rays),  if  material  of 
low  atomic  number  is  being  irradiated.  This  is  demonstrated  in 
Figure  1*2,  where  the  relative  importance  of  the  different  energy 
absorption  processes  is  shown  for  water.  The  solid  line  gives  the 
true  total  mass  absorption  coefficient  (  jp).  The  dotted  lines  show 
the  photoelectric  mass  absorption  coefficient  ( T/p )>  the  true  Compton 
mass  absorption  coefficient  (6a/p  ),  and  the  pair  production  mass 
absorption  coefficient  p  is  the  density  of  the  absorbing  material, 

The  true  total  mass  absorption  coefficient  is  related  to  the 


other  coefficients  by 

rvr 


It  can  be  seen  that,  for  photon  energies  in  the  range  of  1  Mev, 

-  (i.e.  only  the  Compton  process  is  operative),  since  the 

photoelectric  (t)  and  pair  production  (|<),  absorption  coefficients  are 


Nr 


zero. 
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FIGURE  1.2 

Absorption  of  Electromagnetic  Radiation  by  Water 


True  total  mass  absorption  coefficient 


Photoelectric  mass  absorption  coefficient 


True  Compton  mass  absorption  coefficient 


Pair  production  mass  absorption  coefficient 


V*/f  =  +  +  yp 


Mass  Absorption  Coefficient  (era  /gm)  Water 


Photon  Energy  (Mev) 


1 
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(c)  The  Compton  Absorption  Process 

The  Compton  absorption  coefficient  per  atom  is  proportional 
to  the  atomic  number,  Z.  Thus  the  relative  amount  of  absorption  by 
different  compounds  is  proportional  to  the  electron  density  of  the 
compounds.  In  this  process,  if  the  incident  photon  interacts  with  an 
electron,  it  imparts  kinetic  energy  to  it,  and  also  produces  a 
scattered  photon  of  reduced  energy.  The  absorption  coefficient  for 
X-rays  is  such  that,  for  a  liquid  sample  of  the  size  used  in  this 
study  (l  -  2  ml),  the  scattered  photon  would  normally  pass  out  of  the 
system,  without  further  interaction.  (The  mean  free  path  of  a  1  Mev 
photon  in  water  is  33*3  cm  (£)).  The  ejected  electron  (primary  electron), 
which  may  possess  any  energy  from  zero  to  1  Mev  (2),  then  interacts  with 
the  system.  The  ranges  for  1  Mev  and  0.1  Mev  electrons,  in  a  hydrocarbon 
liquid,  are  about  k  mm  and  0.l£  mm  (5),  respectively,  so  that  most 
primary  electrons  formed  give  up  all  their  energy  to  the  system.  A  1  Mev 
electron  is  involved  in  more  than  10,000  collisions  before  being  stopped  (2). 
Along  the  collision  Hrack11  there  are  formed  ionized  and  excited  molecules. 

i 

The  average  distance  between  ionizations  due  to  primary  electrons  of 

kev  energy  is  about  li,$000  A0  (6).  Some  of  the  electrons  ejected  from 
the  molecules  (secondary  electrons),  have  enough  energy  to  cause  further 
ionization  as  well  as  excitation.  These  ionizations  usually  occur  within 
a  few  Angstrom  units  (*»  10  -  l£  A0)  (7)  of  the  site  of  formation  of  the 
secondary  electron  involved.  The  group  of  ion  pairs  so  formed,  constitutes 
a  "spur"  (8) . 


The  ionized  and  excited  intermediates,  formed  during  the 
initial  deposition  of  energy,  undergo,  or  lead  to,  chemical  reactions. 

The  chemical  effects  observed  are  caused  by  the  passage  of  the  energized 
electrons,  so  that  the  reactive  intermediates  are  not,  therefore, 
characteristic  of  X-rays  only,  since  other  forms  of  ionizing  radiation 
also  give  rise  to  fast  electrons.  The  spatial  distribution  of  these 
intermediates  does  depend  on  the  type  of  radiation  used,  however,  and 
this  can  cause  significant  differences  in  the  product  distribution  in 
a  radiolytic  system  if  incident  radiations  of  widely  different  types 
are  used  (effect  of  linear  energy  transfer,  L.E.T.)  (9)  (10)  (ll). 

The  process  of  transferring  the  energy  from  an  interacting 

Y-ray  to  the  radiolytic  system  and  forming  the  reacting  intermediates, 

“15> 

as  described  above,  takes  10  sec  (12) .  Thus  this  process  is 
complete  before  any  chemical  change  can  take  place.  The  elementary 
processes  that  are  undergone  by  the  reactive  intermediates  are  not  well 
understood.  The  types  of  processes  considered  possible,  will  be  reviewed 
in  the  following  sections.  The  initial  fates  of  the  ionic  intermediates 
and  electrons  will  be  considered  first. 

(d)  Fates  of  the  Ionic  Intermediates  and  Electrons  -  Considerations 

We  are  concerned  with  the  competition  between  (l)  unimolecular 
rearrangement  or  dissociation  of  the  ions  (2)  bimolecular  ion-molecule 
reactions,  and  (3)  electron  capture  by  a  positive  ion  (leading  to  reactions 
typical  of  excited  molecules). 


- 


-  6  - 


No  direct  information  is  available  about  any  of  these  processes* 
as  applied  to  condensed  hydrocarbon  systems.  However,  unimolecular 

rearrangements  and  dissociations,  and  ion-molecule  reactions  have  been 

-2 

studied  at  low  pressure  (up  to  10  ram  for  secondary  processes),  by  mass 
spectrometry  for  many  years  (13)  (lU) .  Examples  of  the  types  of  reaction 
that  have  been  observed  are  given  below. 

(l)  Unimolecular  Rearrangement  and  Dissociation 
of  Ions 

Mass  spectral  data  gives  evidence  for  such  processes  (l£).  For 
example  the  ions,  in  the  mass  spectra  of  neopentane,  cyclohexene 

and  cyclohexane,  must  result  from  unimolecular  rearrangement  and 
dissociation  processes,  since  they  are  observable  at  pressures  that  are 
so  low  (i.e.^10  ^  mm  Hg),  that  collisional  processes  cannot  take  place 
during  the  residence  time  of  the  ions  in  the  mass  spectrometer. 

Examples  of  unimolecular  dissociations  are  (l6) 

c6«6+  — *  c6h/  +  h  -  ia 

C2V  - *  C2HU+  *  H2  -  I*2 

It  can  be  seen  that  both  radical  and  molecular  species  may  be  formed. 

(2)  Ion-Molecule  Reactions  (13) 

Ion-molecule  reactions  for  hydrocarbons  may  be  summarized  in 


five  categories,  as  follows 
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(i)  Proton  Transfer 
An  example  of  such  a  reaction  is 

C^Hg*  «•  CgH^  - *  C3H?  ♦  C2H^ - -  1.3 

(ii)  Hydrogen  Atom  Transfer 

t 

For  example 

°V  +  C3H6  - *  CD/  +  C3H5 -  ltk 

(iii)  Hydride  Ion  Transfer  (17 ) 

An  example  of  such  a  reaction  is 

°3V  +  C3H8  —  C3H6  *  C3H7+ - II5 

In  many  of  the  hydride  ion  transfer  reactions  reported,  one  of  the  products 
was  a  neutral  molecule.  In  some  cases  an  exothermic  dissociation  reaction 
for  this  neutral  molecule  was  available.  For  example  the  species  formed 

ih  the  reaction, 

G2H3*  +  neo-C^H^  - *  C2HU  +  C5H11+ 

may  dissociate  to  give  hydrogen  and  acetylene 

C2%  - ♦  c2H2  +  H2  - - 


1.7 


I 


-  8  - 

(iv)  Condensation  Type  Reactions 

Such  reactions  are  characterized  by  more  complex  molecular 
rearrangement  than  simple  atom  or  atomic-ion  transfer.  C-C  bond 
formation  is  a  major  feature.  Reactions  that  have  been  reported  include 


CH^  +  C2K[i  _ — >  *  +  H2  +  H - - 1.8 

C3H6  +  C3H6  — CuHq+  +  C2h^ - - 1.9 

CH3*  ♦  CH^  >  C2H^  ♦  H2 - 1. 10 

(v)  Negative  Ion  Reactions 


Some  such  reactions  are  reported,  but  none  involving  pure 


hydrocarbons.  Both  theory  (18)  and  experiment  (19)  indicate  an  electron 
affinity  of  ^.zero  for  alkanes  and  alkenes,  but  the  degree  of  interaction 
between  a  free  thermalized  electron  and  surrounding  neutral  molecules  in 
a  condensed  hydrocarbon  system  has  not  been  determined. 

(3)  Electron  Thermalization  and  Capture  by  a  Positive  Ion 

The  positive  and  negative  charges  produced  by  the  passage  of 
ionizing  radiation  through  matter  must  eventually  be  neutralized.  The  life 
times  of  the  charged  species  are  not  known.  Two  calculations  have  been  made 
to  determine  the  probable  behaviour  of  the  electrons  prior  to  capture  by  a 
positive  ion  (20)  (2l).  Both  calculations  applied  to  pure  water.  Samuel  and 
Magee  (20)  calculated  that  an  electron  was  recaptured  by  its  parent  ion  in 
<10“^  sec.  The  Platzman  calculation  (2l)  leads  to  the  conclusion  that  the 
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electron  escapes  from  the  field  of  the  parent  ion,  due  to  interaction 
with  a  polar  solvent. 

There  is  now  experimental  evidence  that  at  least  some  of  the 
electrons  escape  the  parent  ion  and  are  trapped  in  the  bulk  liquid,  A 
half  life  of  16  microseconds  has  been  determined  for  solvated  electrons 
in  water  (22).  Trapped  electrons  have  been  observed  in  several  irradiated 
organic  glasses  (23),  although  not  in  alkanes  and  alkenes.  However, 
conductance  measurements  in  liquid  cyclohexane  have  indicated  a  G( escaped  e”) 
*  0.2  (2)4). 

(e)  Fates  of  Ionic  Intermediates  and  Electrons  -  Conclusions 

The  gas  phase  ion-molecule  reactions  that  have  been  observed  in 
the  mass  spectrometer  apparently  occurred  at  every  collision.  An  activation 
energy  of  ^zero  must  be  assumed  for  these  reactions  in  order  to  obtain 
reasonable  values  for  collision  cross-sections  (13)*  This  conclusion  is 
borne  out  by  the  lack  of  temperature  dependence  for  these  reactions  (2£). 

Thus  in  a  condensed  hydrocarbon  system,  the  time  required  for  an  ion  to 
take  part  in  a  bi-molecular  reaction  involving  mass  transfer  (i.e.  H-atom, 
proton  or  hydride  ion  transfer)  may  be  as  short  as  **/10  ^  sec  (the  period 
of  vibration  for  a  C-H  bond  (26)),  so  even  the  most  rapid  electron-ion 
recombination  suggested  does  not  preclude  the  possibility  of  an  ion-molecule 
reaction.  Systems  have  been  studied  for  which  it  is  difficult  to  ascribe 
the  formation  of  some  or  all  of  the  radiolytic  products  to  any  mechanism 
other  than  one  involving  ion-molecule  reactions  (27)  (28)  (29) •  These  will 
be  described  more  fully  later  . 
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(f )  Fates  of  Excited  Molecules 

Excited  molecules  may  be  formed  in  the  track  during  the  initial 
excitation,  or  may  result  from  ion-electron  recombination.  The  excited 
species  formed  by  ion  neutralization  may  be  chemically  different  from 
excited  substrate  molecules  if  the  ion  is  a  product  of  an  ion-molecule 
reaction.  An  excited  molecule,  M*,  may  be  deactivated  by  collision  or 
by  photon  emmission  or  it  may  undergo  chemical  reaction.  The  types  of 
reaction  that  could  occur  in  a  pure  liquid  include, 

(1)  M*  - »  Radicals 

(2)  M*  - *  Molecular  Dissociation  Products 

(3)  M  - >  Isomerzation  Products 

(U)  M  +  M - ^Products 

(M*) 


These  will  be  discussed  below. 


(l)  Dissociation  into  Radicals 


Homolytic  bond  cleavage  yields  two  free  radicals.  Both  C-C  and 


C-H  bond  cleavage  are  commonly  observed,  e.g. 


H  H 


H  H 


H 


+  CH 


H  H 


H  H 


-CH  +  H 
2 


-  1.11 


1,12 


Free  radicals  have  been  detected  in  hydrocarbons  under  radiolytic 
conditions  (30)  ( 31 )  (32).  Studies  of  free  radical  reactions,  mainly  in  the 
gas  phase,  indicate  that  the  radicals  can  react  by  the  following  processes  (33^» 


- 
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(i)  Addition  to  an  Olefin  (Giving  Another  Free  Radical) 

e.g.  H  4  CH3-CH=CH2  - >  CH^CH-CH  - - 1,13 

Addition  of  a  radical  to  a  conjugated  double  bond  system  occurs 
more  readily  than  to  a  mono-olefinic  molecule  (3U)  (3£),  because  the 
resultant  radical  is  resonance  stabilized.  For  example 

CH3  +  CH2=CH-CH=CH2  - >  CH3CH2-CH=^-CH^GH2 - -  I.1U 

Typical  activation  energies  are  ^ 7  and  ^,2.5  kcal/mole  for  the 
addition  of  methyl  radicals  to  mono-olefins  and  conjugated  di-olefins 
respectively.  H-atora  addition  to  a  mono-olefin  has  an  activation  energy  of 
rs/  $  kcal/mole  (36). 

(ii)  Metathetical  Reactions  (Involving  H-atom  Transfer) 


e.g.  H  +  RH  - >  H2  +  R*  - 1.15 

fL  +  R„H  - >  EH  +  R*  - 1.16 

12  IP 


Such  reactions  have  an  activation  energy  of  W3  kcal/mole. 

(iii)  Reaction  with  Another  Radical 

Two  radicals  may  either  combine 

R*  +  R'  - >  R  R  - - — . . 1.17 

12  12 

or  disproportionate  (involving  H-atom  transfer)  e.g. 

R-CH  -CH%  +  R-CH  -CH%  - >  R-OH  -CH  ♦  RGH=GH  - I.l8 

2  2  2  2  2  3  2 


These  processes  have  an  activation  energy  of  ^0  kcal/mole. 
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(2)  Dissociation  into  Molecular  Products 

Molecular  elimination  has  been  suggested  to  explain  the  formation 
of  hydrogen  that  cannot  be  inhibited  by  the  addition  of  low  concentrations 
of  radical  scavengers  (<  2%  scavenger).  In  the  radiolysis  of  cyclohexane, 
for  example,  the  following  one  step  reaction  has  been  proposed  (37)  to 
account  for  the  formation  of  n  unsc  avenge  able'1  hydrogen 

c-°6H12*  - *  ‘‘Vic  +  H2  -  1‘1 


Some  fragmentation  products  in  the  radiolysis  of  cyclohexene  have  been 
explained  (33)  by  the  reaction. 


■> 


CH9-CH-CH-CH  -CH  -0Ho 

1 

CH  =CH-CH=CH  +  CH  =CH 
2  2  2  2 


1.20 


A  reaction  in  which  molecular  hydrogen  is  eliminated  from  one 
carbon  atom  has  been  shown  to  occur  in  the  vacuum  ultra-violet  photolysis 
of  ethane  (39) 

CH^CD^  - »  CH^CD  +  D2  - 1.21 

The  ethylidene  radical  so  formed  apparently  inserts  into  a  C-H  bond  to 
give  n-butane  as  shown  below 


CH  CD  +  CH  CD 

3  3  3 


-i» 


CH  -CHD-CH  -CD 

3  3  3 


1.22 
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(3)  Isomerization 

Intra-molecular  rearrangement  may  occur.  For  example,  in  the 
mercury  photosensitized  decomposition  of  cyclopentene  (40),  vinyl 
cyclopropane  formation  was  reported,  i»e. 

c-C^Hq  - *  CH2«CH-CH-CH2  - - 1.23 

CH2 


(U)  Bimolecular  Reactions 

Photo  addition  has  been  observed  for  olefins  (l|l)  (U2)  ( U3 ) • 
The  reaction  has  the  general  form. 


_  \  /  \/  u 

2  C=C  _ =>  C-C  T 

/  \  ?  i  i  - 1*24 

^G-C_ 

/  \ 

Bimolecular  reactions,  involving  excited  molecules  in  radiolytic 
systems,  have  been  suggested  (4U  e.g.., 

°-C6H12*  +  c-G6Hi2  — (o-C6H11)2  +  \  - 1,25 

°12H10*  +  C12H10#  (C12H9)2  +  »2  - ^ 


(g)  Additional  Processes  for  Two  Component  Solutions 

The  addition  of  a  second  component  (solute)  to  a  radiolytic 
system  can  inhibit  or  promote  the  formation  of  products  from  the  initial 
component  (solvent).  These  effects  may  result  from  energy  or  charge 
transfer,  giving  solvent  protection  (1*5)  (h&)  or  sensitization  (li7),or 


the  solute  may  inhibit  the  formation  of  certain  products  by  scavenging 
their  free  radical  precursors  or  elec irons .  Schuler  (1*8),  has  given  a 
detailed  account  of  scavengers  and  scavenging  mechanisms.  The  processes 
that  he  describes  also  apply  to  olefins,  which  can  act  as  radical 
scavengers,  with  ranging  degrees  of  efficiency,  depending  on  the  system 

(35)  (1*9)  (50). 

Transfer  of  energy  or  charge  from  the  solvent  to  a  solute  that 
has  lower  lying  excited  or  ionized  states  can  result  in  protecting  the 
solvent  from  decomposition  (U5) .  The  effectiveness  of  inhibition,  by 
a  low  concentration  of  solute,  will  depend  on  the  rapidity  of  solvent 
decomposition.  Four  modes  of  energy  (including  charge)  migration  have 
been  proposed  for  crystalline  solids,  and  it  is  believed  that  these 
processes  may  also  occur  in  liquids  (5l)*  The  four  modes  are  as  follows. 

(i)  Exciton:-  The  excitation  energy  may  be  transferred  in  the 
form  of  an  exciton.  In  this  process  the  electronic  excitation  is 
transmitted  through  the  molecules  from  neighbour  to  neighbour. 

(ii)  Positive  Hole  Migration:-  The  energy  can  be  carried  by 
excited  electrons  and  their  positive  holes  moving  independently  through 
the  lattice. 

(iii)  Virtual  Photon:-  This  is  the  transfer  of  an  energy  packet 
over  distances  of  several  molecular  diameters  without  the  existence  of  a 
photon  as  an  intermediate.  The  donor  and  acceptor  molecules  must  have 
overlapping  emission  and  absorption  spectra. 
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(iv)  Photon  Emission:-  The  initial  absorption  can  be  followed 
by  photon  emission,  and  this  emitted  radiation  may  be  reabsorbed  in  a 
solute  molecule. 

The  rapidity  of  energy  transfer  by  process  (i)  and  (ii)  above 
may  be  influenced  by  the  "structure11  of  the  liquid.  For  example  the 
difference  in  melting  point  between  benzene  (5*5°C),  and  cyclohexene 
(-103. 7°C),  indicates  a  disorganized  structure  in  cyclohexene.  Thus 
energy  transfer  by  exciton  or  positive  hole  migration  may  occur  less 
readily  in  cyclohexene  than  in  benzene. 

Other  processes  for  protecting  solute  molecules  from  decomposition 
have  been  discussed  (!*£)•  These  include  quenching,  in  which  the  solute 
molecules  promote  distribution  of  the  initially  localized  energy  among 
vibrational-rotational  degrees  of  freedom  of  neighbouring  solvent 
molecules,  and  negative  ion  formation,  in  which  the  solute  molecules  trap 
electrons  before  they  can  recombine  with  the  positive  ions. 

(h)  Some  Effects  of  Phase  in  Radiation  Chemistry 

A  great  deal  of  the  fundamental  information,  used  to  interpret 
experimental  observations  in  liquid  phase  radiation  chemistry,  was  obtained 
from  kinetic  studies  that  were  carried  out  in  the  gas  phase.  For  example 
the  direct  observation  of  ion-molecule  reactions  has  only  been  possible 
under  vapour  phase  conditions  in  a  mass-spectrometer  and  much  of  the  kinetic 
data  for  free  radical  reactions  were  obtained  from  the  pyrolytic  and 
photolytic  studies  of  gas  phase  systems.  Although  the  information  thus 
obtained  is  frequently  extrapolated  to  liquid  phase  radiolytic  systems,  it 
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is  borne  in  mind  that,  in  many  respects,  reactions  in  the  gas  and  liquid 
phase  are  not  the  same.  The  rate  of  diffusion  of  molecules  in  a  liquid 
material  is  much  slower  than  it  would  be  if  the  material  was  in  the 
vapour  phase,  due  to  the  close  packing  of  molecules  in  a  liquid*  An 
individual  molecule  may  be  considered  to  be  in  a  ,,cageM  (£2)  of  surrounding 
molecules.  A  reactive  species  formed  during  radiolysis,  is  also  in  such  a 
cage. 


An  “encounter11  between  two  species,  A  and  B,  is  said  to  begin 

when  B  diffuses  into  the  wall  of  the  cage  surrounding  A,  or  vice  versa, 

and  the  encounter  ends  when  either  A  or  B  diffuses  away.  Many  collisions 

between  A  and  B  may  occur  during  one  encounter.  The  cage  effect  is 

particularly  important  in  radiation  chemistry  due  to  the  inhomogenity  in 

the  distribution  of  the  reactive  intermediates  formed  during  primary 

activation.  Thus  excited  species,  formed  adjacent  to  each  other  in  the 

primary  excitation  track,  have  a  much  higher  probability  of  reacting  with 

each  other  in  the  liquid  phase  than  they  would  have  in  the  gas  phase.  On 

the  other  hand,  a  radical  that  is  isolated  (as  it  may  be  for  example  if  it 

were  formed  by  H-atora  addition  to  an  olefin  in  the  bulk  solution),  may  have 

a  high  probability  of  reacting  with  an  adjacent  substrate  molecule  in  the 

“cage1*,  even  though  such  a  reaction  has  an  appreciable  activation  energy 

c 

(e.g.  a  metathetical  reaction  for  which  only  1  in  /^10  collisions  may  be 
reactive) . 

Unimolecular  processes  that  are  important  in  the  vapour  phase  may 
be  prevented  from  occuring  in  the  liquid,  due  to  intervention  of  adjacent 
molecules.  Also  the  mechanism  of  inhibition  for  a  given  system  may  be 
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phase  dependent.  Free  radical  scavengers  can  be  expected  to  b©  less 
effective  in  a  liquid  system  due  to  the  track  effect,  while  some  of  the 
rapid  energy  transfer  processes,  described  earlier,  can  be  effective 
only  in  a  condensed  medium. 

The  effects  of  phase  on  the  radiolysis  of  cyclohexane  (53)  (5U) 
and  n-hexane  (55)  have  been  studied.  One  observation  was  that  the  yields 
of  products  arising  from  C-G  bond  cleavage  were  much  lower  in  the  liquid 
phase  than  they  were  in  the  gas  phase.  This  may  be  due  to  the  cage  effect 
or  to  the  formation  of  different  energy  states  in  the  liquid  phase. 

The  yields  of  products  arising  from  C-H  bond  cleavage  were  not  so 
drastically  reduced  by  condensation  of  the  medium.  This  may  be  due  to  the 
more  facile  diffusion  of  the  small  H- atoms  from  a  cage. 
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(B)  LIQUID  OLEFINIC  HYDROCARBON  RADIQLYSES 
(a)  General 

Free  radicals,  ions  and  excited  molecules  have  been  suggested 
as  intermediates  participating  in  the  final  reaction  steps  that  lead 
to  the  measured  products  of  liquid  hydrocarbon  radiolyses.  In  many  of 
these  studies  there  was  no  experimental  distinction  between  the  types 
of  mechanism,  so  that  alternative  modes  of  product  formation  could  not 
be  excluded.  Some  of  the  less  ambiguous  results  have  been  obtained  from 
the  irradiation  of  various  types  of  olefin. 


Examples  of  mechanisms  that  have  been  suggested  to  account  for 
the  formation  of  various  products  in  irradiated  liquid  olefins,  will  be 
outlined  in  the  following  sections. 


(b)  Long  Chain  Polymerization 

(l)  Ionic  Mechanism 


Cationic  chain  polymerization  has  been  suggested  as  the  major 
process  in  the  radiolysis  of  several  vinylidene  type  olefinic 
hydrocarbons  (29)  (£6)  (57)  (£8)  (59) ♦ 


The  chain  propogation  process  may  be  generalized  as 


R 

2 


+  H2C=C  — > 


R 

2 


R 

2 


—  1.27 
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The  tf-ray  induced  polymerization  of  isobutene  at  »78°C  (29)  has 
been  clearly  shown  to  proceed  by  an  ionic  mechanism.  Uncharged  radicals , 
formed  in  the  isobutene  at  -78°C,  did  not  induce  polymerization,  whereas 
gamma  irradiation  of  the  pure  isobutene,  at  this  temperature,  did  induce 
polymerization  with  a  G(-C^Hq)  =  ~300  .  Addition  of  radical  scavengers 
did  not  affect  the  reaction. 


Irradiation  of  ^-pinene  (37)  (38)  and  oc-methyl  styrene  (37)  (39) 
also  induced  chain  polymerization.  These  two  monomers  were  irradiated 
in  the  presence  of  water  and  also  after  careful  drying.  In  the  presence 
of  water  (G  -  oc methyl  styrene)  =  10  and  G(-  ^-pinene)  =  — 6,  wheareas 
drying  gave  values  for  monomer  consumption  as  high  as  G(-  <*-methyl  styrene) 
=  10,000  and  G(-  ^-pinene)  =  > 2000  . 

The  marked  reduction  in  monomer  consumption  by  water  was  suggested 
as  unequivocal  evidence  for  an  ionic  mechanism.  Chain  termination  by 
proton  removal  from  a  cationic  centre,  as  shown  in  the  reaction  1.28,  is 
likely  to  be  exothermic,  due  to  the  heat  of  solvation  of  the  hydronium  ion. 


R 

1 


-ch2-c+ 


(HO) 

2  n 


R 

1 


-CH=C 


♦  H  *0(H  0) 

3  2  n-1 


R 

2 


1.28 


- 


-  20  - 


The  alternative  free  radical  termination  steps ,  given  by  the  reactions 


R  +  H^O  - >  RH  +  OH  — - - 1,29 

and 

R  +  H^O  - >  ROH  H  - - - I.30 


are  endothermic  and  also  give  rise  to  further  chain  initiators. 

The  above  three  compounds  belong  to  a  class  of  materials  noted 
for  undergoing  polymerization  by  means  of  a  cationic  mechanism  (60). 
Thus  if  any  of  the  electrons,  produced  in  the  initial  radiolytic  act, 
escape  from  their  parent  ions,  rapid  cationic  polymerization  might  be 
expected.  A  value  of  G(free  ions)  =  0,2  was  reported  for  saturated 
hydrocarbon  systems  (2U).  These  ions  could,  therefore,  account  for  the 
polymerization. 


(2)  Free  Radical  Mechanism 


Many  radiation  induced  polymerizations  appear  to  proceed  by 
a  free  radical  mechanism  (6l)  (62)  (63).  The  free  radical  chain 
propogation  process  for  vinyl  type  olefins  may  be  written  in  the  general 
form 


H  Ri 

\  1 

c*c 
/  I 


■» 


R1  H  Rn 

I1  I  I1 

!  —  O 

1  l  I 

R  H  R 

2  2 


1.31 


Styrene,  methyl  methacrylate  and  tetraethylene  glycol  methaclrylate 
are  monomers  for  which  there  is  good  evidence  in  favour  of  a  free  radical 


nlBrio  Iso-Bwi  e«il  .(tt)  <S£>)  (Id)  B8iiu.1oe»  XtolUi  »»il  * 
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polymerization  mechanism.  This  evidence  has  been  built  up  on  the  basis 
of  inhibition,  copolyraerization,  and  temperature  studies,  and  also  from 
comparisons  between  radiation  induced  polymerizations  and  polymerizations 
initiated  in  other  ways. 

For  example,  the  polymerizations  of  styrene,  methyl  methacrylate 
and  tetraethyleneglycol  dimethacrylate  were  inhibited  by  the  addition  of 
a  low  concentration  (<1$)  of  benzoquinone  and  also  by  the  presence  of 
oxygen  (62)  ( 6U) *  Since  both  benzoquinone  and  oxygen  are  known  to  react 
with  free  radicals  and  apparently  do  not  greatly  affect  ionic  processes, 
this  was  taken  as  evidence  in  favour  of  a  free  radical  mechanism. 

Supporting  evidence  in  favour  of  a  free  radical  mechanism  for  the 
radiation  induced  polymerizations  of  styrene  and  methyl  methacrylate  was 
obtained  from  a  study  of  the  copolymerization  of  these  two  compounds.  The 
radiation  induced  copolymerization  of  an  equimolar  binary  solution  of 
styrene  and  methyl  methacrylate  yielded  a  copolymer  with  a  methyl 
methacrylate  content  of  •  Similar  copolymerization  studies  have  been 

carried  out  using  other  means  of  chain  initiation  (6£).  The  methyl 
methacrylate  content  of  the  copolymer,  formed  from  a  similar  equimolar 
solution  was,  1*9$,  1%  and  99$  for  free  radical,  cationic  and  anionic  chain 
initiation,  respectively,  thereby  indicating  a  free  radical  path  for  the 
radiation  induced  polymerization. 

Studies  of  the  effect  of  temperature  on  the  radiation  induced 
polymerization  of  styrene,  methyl  methacrylate  and  tetraethylene 
glycol  dimethacrylate  have  added  weight  to  the  conclusion  that  these 
polymerizations  follow  a  free  radical  path.  Overall  activation  energies 
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of  7*15  and  U*9  kcal/raole  were  reported  for  the  X-ray  induced 

v  •»  » 

polymerizations  of  styrene  and  methyl  methacrylate  respectively.  These 
values  are  of  the  order  to  be  expected  for  free  radical  polymerization. 

Ionic  polymerizations  have  overall  activation  energies  of  zero  (6l). 

A  positive  temperature  coefficient  was  also  reported  for  the  radiation 
induced  polymerization  of  tetraethyleneglycol  dimethacrylate  (61*). 

(c)  Dimerization  and  Associated  Processes 

The  1-hexene  system  will  be  used  to  demonstrate  possible  ionic 
and  free  radical  processes  for  dimerization.  This  is  because  it  is  possible 
to  compare  the  1-hexene  radiolysis  results  (28)  with  the  radical  induced 
dimerization  a  similar  compound,  1-octene  (66).  Furthermore,  many  of  the 
factors  that  apply  to  the  1-hexene  system,  and  influence  the  choice  of 
mechanism  to  describe  the  radiolysis,  apply  also  to  the  subject  of  the 
present  study,  cyclohexene. 

The  radiolyses  of  several  straight  chain,  terminal  olefins  have 
been  studied.  These  include  the  radiolyses  of  1-hexadecene  (67), 

1-octene  (28),  and  1-butene  (68)  as  well  as  1-hexene.  It  was  concluded  in 
all  these  cases  that  an  ionic  mechanism  predominated.  The  conclusions  are 
based  mainly  on  the  failure  of  a  free  radical  mechanism  to  account  for 
either  the  nature  of  the  dimeric  products  or  the  lack  of  substrate 
isomerization. 

Possible  ionic  and  free  radical  mechanisms  will  be  outlined  below 
for  the  1-hexene  system.  Following  these,  the  mechanism  for  the  radio lytic 
dimerization  of  1-hexene,  will  be  discussed. 
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(l)  Ionic  Mechanism 

For  the  sake  of  brevity  the  ionic  mechanism  given  will  not  be 

exhaustive.  Neutralization  of  an  ion  may  take  place  at  any  stage  of  the 
mechanism,  giving  rise  to  an  excited  molecule  or  excited  radical,  either 
of  which  may  react  in  a  number  of  ways.  Many  such  reactions,  which  are 
theoretically  possible,  will  not  be  included  in  the  following  scheme. 

The  initial  ionization  may  be  represented  by 

R-CH0-CH=CH„  ♦  e"  - >  R-CH  -CH=CH  +  2e~  - 1.32 

2  2  2  2 

I 


where  R  is  CH-CH  -CH  - 
3  2  2 


The  ion  formed,  I,  may  combine  with  a  neutral  1-hexene  molecule,  or,  as 
suggested  by  Collinson  et  al  (67),  transfer  a  proton  to  a  substrate  molecule. 
These  reactions  are  as  follows 


I  +  R-CH  -CH=CH  - >  R-CH  -tH-CH  -CH  -CH-CH  -R  . 

2  2  2  2  2  2 


- 1.33 


II 


->  R-CH  -CH-fjH 
2  ,  2 


CH- CH-CH  -R 
2 


III 


R— CH  —  CH— CH  +  R—  CH— — - CH— ■ —— -CH 

2  3  2 


•1.35 


IV 


V 


-  21*  - 


The  structures  II  and  III  have  been  suggested  as  the  most  probable  for 
the  result  of  a  union  between  ion  I  and  1-hexene  (28). 

If  the  species  II  and  III  undergo  intramolecular  hydride  ion 
transfer,  followed  by  neutralization,  then  mono-olefinic  dimers  will 
be  formed  as  shown  below 


(i)  hydride  ion  transfer 

II  - >  R-CH  -CH  -CH  -CH-CH-CH  -R 

(ii)  neutralization  2  2  2 


- 1,36 


(i)  hydride  ion  transfer 

III  - >  R-CH  ~CH=CH 

(ii)  neutralization  ^  |  2 

CH  -CH  -CH  -R  - - 1.37 

2  2  2 


The  ion  IV,  formed  in  reaction  1.1*,  may  be  neutralized  or  may 
induce  chain  polymerization. 

Neutralization  of  IV  will  give  a  hexyl  radical  that  can  either 
react  with  another  radical  (see  next  section)  or  abstract  an  H-atom  from  a 
substrate  molecule  as  shown  by 

R-CH  -ta-CH  +  RCH  -CH-CH  - >  RCH  -CH  -CH 

2  3  2  2  2  2  3 

♦ 

R-GH^CH^CH2 


VI 


1.38 
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If  ion  IV  induces  ionic  chain  polymerization,  the  propogation 
process  will  be 


H 

H  OCH-CH  -R  - >  — — C-CH  -CH-CH  -R  — - 1,39 

2  2  |  2  2 

CH 

3 


The  ionic  chain  will  be  terminated  when  neutralization  occurs,  giving 
rise  to  a  radical  of  the  type 


R-CH  -CH 

2  I 

CH 

3 


CH  -CH-CH  -R 
2  2 


where  n  =  0,  1,  2 


These  radicals,  and  those  formed  in  steps  1.35  and  1-38,  will 
undergo  the  types  of  reaction  that  will  be  outlined  in  the  next  section. 


If  n  =  0  for  the  above  radical,  then  a  dimer  can  be  formed  from  it 
that  will  be  either  saturated  or  mon-olefinic. 


(2)  Free  Radical  Mechanism 

A  free  radical  mechanism  will  now  be  outlined  for  the  1-hexene 
dimerization.  An  assumption  is  made  that  the  observed  products  would  arise 
from  C-H  cleavage  at  the '3-position  only.  This  mode  of  cleavage,  giving  rise 
to  allylic  type  radicals,  is  energetically  favoured  (69)  and  is  observed  to 
predominate  in  terminal  olefinic  systems,  where  the  reaction  is  initiated  by 
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free  radicals  (66). 

The  initial  reaction  steps  will  be 

R-GH  -CH-CH  RCH  -CH»CH*  - 

2  2  2  2 

♦  # 

or  R-CH-CH*CH  +  e  - >  R-CH  -CH=CH  - 

2  2  2 

R-CH  -CH=CH  - >  RCH - CH- — CH  +  H 

2  2  2 

VI 

where  *  indicates  an  excited  molecule. 


1.40 

I.Ul 

1.42 


The  H-atom  can  react  with  substrate  to  give  further  radicals 

H  +  R-CH2-CH-CH2  - >  VI  ♦  H^  - - - 1.43 

- >  R-ch2-?jh-ch3  - -  1.44 

VII 

Radical  VII  is  considered  to  be  mostly  the  sec-hexyl  radical,  since  this 
species  is  kcal  more  stable  than  the  n-hexyl  radical,  (70).  The  hexyl 

and  hexenyl  radicals  formed  in  steps  I. 11,  1.12  and  1.13  may  react  by  any 
one  of  three  types  of  process.  A  radical  may  (i)  react  with  another  radical, 
(ii)  abstract  or  H-atom  from  1-hexene  in  a  metathetical  reaction  or  (iii)  add 
to  1-hexene. 

James  and  Steacie  (71)  (72)  have  reported  the  values  of 
k  =  3*2  x  10"^  exp(-8000  *  700)/RT  cm^  mol  ^  sec  ^  and  k  *  9.0  x  10  ^ 
exp(-9300  ♦  700)/RT  cnr  mol"  sec’  ,  for  the  addition  and  metathetical 
reactions,  respectively,  of  ethyl  radicals  with  1-heptene,  in  the  gas  phase. 
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i.e.  for  reactions 


C  H*  +  CH  (CH  )  CH  -CH-CH  - >  CH  (CH  )  CH  -CH-CH  . -  1.1,5 

25  3232  2  3  232  2 


and 

C  H*  ♦  CH  (CH  )  -CH  -CH-CH  - >  CH  (CH  )  CH— CH^CH 

2  5  3  2  3  2  2  3  2  3  2 


♦  CH  - 1 0  U6 

2  6 


respectively. 


If  these  rate  constant  values  are  applied  to  the  reactions  of 
hexyl  and  hexenyl  radicals  with  1-hexene*,  and  a  value  of  k  =  10^  i  mole  ^ 
sec  ^  is  assumed  for  the  diffusion  controlled,  radical- radical  reactions  (73), 
then  crude  estimates  of  relative  rates  for  the  reaction  processes  (i)  (ii)  and 
(iii)  above,  can  be  calculated.  The  values  for  the  rates  of  these  reaction 
types  are  compared  in  Table  1.1,  The  values  are  given  as  order  of  magnitude, 
and  were  calculated  for  two  different  dose  rates,  assuming  G( radicals)  =  10. 


*  It  is  realized  that  the  resonance  stabilized  hexenyl  radicals  will  have  a 
longer  average  life-time  than  the  hexyl  radicals,  and  so  are  relatively 
more  likely  to  take  part  in  a  radical- radical  reaction  than  the  hexyl 


radical. 


TABLE  1.1 


Estimated  Reaction  Rates  for  1-Hexene  Radiolysis 


Reaction  Rate  (mole/l  sec) 

Electron  Irradiation 

Y-Irradi at ion 

Reaction  Type 

(Dose  rate  =  1  x  10^ 
ev/g  min) 

(Dose  rate  =  1  x  10-^ 
ev/g  min) 

(i)  Radical- radical  reactions 

i 

o 

r—4 

10“6 

(ii)  Metathetical  reaction 

i 

o 

r— 1 

10~* 

(iii)  Radical  addition  to 
1-hexene 

io‘3 

1 

10”^ 

The  values  obtained  for  the  rates  of  the  three  processes  are 
sufficiently  close,  at  the  dose  rates  considered,  that  none  of  the  processes 
may  be  neglected  in  considering  a  free  radical  mechanism. 


(i)  Radi cal- Radical  Reactions 


The  following  radical-radical  reactions  may  occur. 

CHo  CH 


I 


R-CH2-CH—  CH-CH2-R 


2 


VII 


I.U7 
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VII  +  VI 


CH. 


R-CH  -GH-CH  -CH*CH-R 
2  2 


X.U9 


GH. 


R-CH  -CH-CH-R 
2 


1,50 


CH=CH 


*  *6*10 


1.51 


2R-CH=GH-CH 


1.52 


2  VI 


R-CH=CH-CH  -CH  -CH=CH-R  -  1. 53 

2  2 


r-ch=ch-ch2-ch-r 


i.5U 


CH=GH 


R- CH-CH-R 


1.55 


CH  =CH  CH=CH 
2  2 


♦  R-CH=CH-CH, 


1.56 


The  hexene  formed  in  steps  I.l±8,  1.52  and  1.56  is  assumed  to  be 
mostly  2-hexene,  since  this  isomer  is  more  stable  than  1-hexene.  Also, 
2-octene  is  observed  as  one  of  the  products  in  the  reaction  of  free  radicals 
with  1-octene  (66) . 

(ii)  Metathetical  Reaction 

The  reaction  of  a  hexyl  radical  with  1-hexene  gives  rise  to  a 
hexenyl  radical 


VII  ♦  R-CH  -CH-CH 

2  2 


r-ch2-ch2-ch3 


+  VI 


1.57 


- 
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(iii)  Radical  Addition  to  I  -Hexene 

The  following  addition  reactions  between  radicals  and  substrate  might 

occur. 


vi  +  r-ch  -ch*ch 


->  r-ch=ch-ch2-ch2-ch-ch2-r 

VIII 


1*58 


R-CH-CH  -CH-CH-CH  -R 

I  2  2 

CH=CH_ 

2 

IX 


-  1,59 


R-CH«=CH-CH  -CH-CH  -R 

2J  2 

CH 


1,60 


VII  +  R-CH  -CH«CH 

2  2 


CH 

I  2 

R-CH-CH-CH  -R  _ 


- i.6l 


CH=CH, 


XI 


R-CH  -CH-CH  -CH-CH  -R 

2  i  2  2 


. .  1.62 


CH. 


XII 


R-CH  -CH-CH-CH  -R 

2  I  I  2 

CH  CH 
3*2 


1.63 


XIII 
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Subsequent  reactions  of  species  VIII  might  include 


VIII  +  R-CH  -CH*CH  - >  R~CHeCH-GH  -GH  -GH  -CH  -R  - 

2  2  2  2  2  2 


X.6U 


VIII  ♦  R-CH-CH  - >  R-CH=GH-CH-CH  -CH*GH-R  Cl, 

3  2  2  6  II4 


1,65 


R-CH-CH-CH  -CH  -CH  -CH  -R  4-  C,H, , 

2  2  2  2  6  1? 


1*66 


C.  H  -CH-R 
12  23  | 

CH 

3 


1.6? 


Similar  reactions  may  be  formulated  for  species  IX,  X,  XI,  XII  and  XIII. 


(3)  Mechanisms  for  1-Hexene  Radiolytic  ULmerization 

The  conclusion  that  1-hexene,  and  similar  straight  chain  terminal 
olefins,  dimerized  by  a  predominantly  ionic  mechanism  when  irradiated,  was 
arrived  at  mainly  from  kinetic  considerations.  Since  these  considerations 
have  a  bearing  on  the  cyclohexene  radiolysis,  they  will  be  discussed  here. 

A  high  proportion  (90$)  of  the  dimeric  product  from  irradiated 
1-hexene  was  mono- o lef ini c,  hydrogenation  of  the  dimer  fraction  gave  mainly 
n-dodecane  and  5-roethyl  undecane,  the  former  predominating.  The  nature  of 
the  dimer  formed  was  therefore  consistent  with  the  ionic  mechanism  outlined 
above,  since  steps  1.36  and  1.37  give  rise  to  dodecene  and  5-roe thylene  undecane, 
respectively.  The  conclusion  that  the  1-hexene  dimerization  proceeded  by  an 
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ionic  mechanism  did  not  arise  solely  because  of  this  agreement  however, 
but  also  because  of  the  inability  of  a  free  radical  mechanism  to  explain 
the  nature  of  the  measured  radiolytic  products.  In  particular  the  nature 
of  the  dimers  formed,  and  the  lack  of  isomerism  to  2-hexene  was  said  to  be 
inconsistent  (28)  (67)  with  expected  radical  behaviour,  and  with  the  results 
of  the  radical  induced  reactions  of  1-octene. 

The  free  radical  scheme  cannot  reasonably  explain  the  high 
proportion  of  mono-olef inic  dimer.  The  radical -radical  reactions, 

I.U7  -  I. £6,  will  be  considered  first. 

Hexenyl  radicals  can  be  formed  in  the  initial  reaction  steps 
I.U2  and  I*U3,  and  also  in  the  metathetical  reaction  I. £7.  Hexyl  radicals 
can  be  formed  in  step  I.UU»  The  only  radical -radical  combination  reactions 
that  can  yield  mono-olefinic  dimer  are  I.i*9  and  1. 50,  involving  a  hexyl  and 
a  hexenyl  radical.  Thus  to  yield  dimers  that  are  90$  mono-olefinic  the  yield 
of  hexyl  radicals  has  to  be  ^  82$  of  the  yield  of  hexenyl  radicals.  The 
yield  of  hexyl  radicals  (step  I  J.3)  cannot  exceed  the  yield  of  hexenyl  radicals 
in  step  I.h2.  Any  production  of  hexenyl  radicals  in  steps  1.43  and  1.57  is  at 
the  expense  of  the  hexyl  radical  yield,  so  that  the  possibility  of  obtaining 
dimer  that  is  90$  mono-olefinic  is  reduced  or  eliminated  if  reactions  1.43  and 
1.57  are  important.  Even  if  a  sufficient  yield  of  hexyl  radicals  were 
available  it  is  unreasonable  to  expect  such  a  high  proportion  of  dimer  in  the 
mono-olefinic  form.  This  can  be  shown  by  the  following  argument. 

The  disproportion  to  combination  rate  constant  ratio  for  two  radicals 
A  and  B  is  defined  as  /k  =  VaB*  is  assumed  that 


- 
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for  the  hexyl-hexenyl  radical  system. 


then  for  homogeneous  kinetics  we  have  that 


Tab] 

([aa]  .  M) 


1.68 


where  (ab]  ,  j~AA  J  and 


BB 


saturated  and  di-olefinic  dimer, 


are  the  rates  of  formation  of  mono-olefinic 
respectively. 


» 


If  9Q£  of  the  dimer  fraction  is  mono-olefinic,  as  is  found 
experimentally,  then  expression  1.68  has  a  value  ^18.  To  obtain  such  a 
high  value  for  this  ratio,  with  a  free  radical  mechanism,  certain  conditions 
would  have  to  be  met.  Some  such  possible  conditions  will  now  be  discussed. 


If  the  disproportion  combination  ratio,  V  >  were  much  higher  for 


reactions  between  two  hexyl  radicals, 
BB 


AA 


,  or  between  two  hexenyl  radicals, 


v 


AB 


,  than  for  reactions  between  a  hexyl  radical  and  a  hexenyl  radical 

\\  r7  ),  then  a  high  value  for  expression 

'  '  v  AB/  / 

•  v 


’  MViw/V 


A 
,  2 


m 


1.68  could  be  obtained.  However  the  relationship  (V  ^  x  Vgg 


1 

2 


AB 


seems 


much  more  probable,  so  this  does  not  appear  to  be  a  reasonable  condition. 


Track  and  cage  effects  also  fail  to  explain  the  high  proportion  of 
mono-olefinic  dimer.  An  H-atom  and  a  hexenyl  radical  can  be  formed  in  an 
initial  horaolytic  cleavage  (step  1.1*2).  If  the  H-atom  added  to  a  1-hexene 
molecule  in  the  cage  surrounding  the  hexenyl  radical,  with  a  probability  of 
unity,  to  give  a  hexyl  radical,  and  this  hexyl  radical  and  the  neighbouring 
hexenyl  radical  combined,  then  a  mono-olefinic  dimer  would  be  the  only  dimeric 
product.  However,  since  H-atora  addition  to  a  mono-olefinic  has  an  activation 


energy  of  kcal/mole,  and  the  H-atom  is  likely  to  diffuse  out  of  the 
"cage”  in  a  C^-hydrocarbon  system  very  readily,  it  seems  unlikely  that 
most  of  the  dimer  is  formed  by  this  cage  process. 

The  possibility  that  radical  addition  to  1-hexene  could  give  rise 
to  the  observed  dimers  will  now  be  considered  (see  reactions  I. £8  -  1.6?, 
page  30  )•  It  must  be  assumed  that  this  process  predominates  over 
radical -radical  reactions,  since  it  has  already  been  shown  that  the  latter 
type  of  reaction  cannot  explain  the  dimer  distribution. 

Addition  of  a  hexyl  radical  gives  rise  to  species  XII  and  XIII 
which  can  only  give  mono-olefinic  dimer  by  losing  an  H-atom  in  a  radical- 
radical  disproportionation  reaction.  Thus  the  hexyl  addition  process 
cannot  yield  the  observed  products  under  conditions  where  radical- radical 
reactions  are  unimportant. 

Addition  of  hexenyl  radicals  to  a  1-hexene  might  give  rise  to 
species  VIII,  IX,  X  and  XI.  Radical  VIII  can  give  rise  to  dodecane  by 
reactions  1.61*  and  1.66.  Radical  X  can  give  rise  to  an  olefin,  which  on 
hydrogenation  would  yield  the  5-raethyl  undecane.  Radicals  IX  and  XI  might 
yield  mono-olefinic  dimers  but  their  structures  do  not  coincide  with  those 
of  the  major  radiolytic  dimer  products.  Since  radical  addition  is  more 
probable  at  carbon  atom  1  than  at  carbon  atom  2  of  an  <^-olefin,  structures 
VIII  and  IX  might  be  expected  to  be  the  major  products  of  hexenyl  addition 
to  1-hexene.  In  such  a  case  the  dimers  expected  from  this  mechanism  would 
not  be  those  experimentally  observed. 


In  summation,  it  appears  that  the  conclusion  is  valid,  that  the 
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observed  dimeric  products  from  radiolysed  1-hexene  cannot  be  readily 
explained  by  a  free  radical  mechanism,  although  a  more  detailed  analysis 
of  all  the  dimers  produced  would  make  a  more  definite  conclusion  possible. 

It  will  be  seen  that  the  distribution  of  dimeric  products  from 
radiolyzed  cyclohexene  contrasts  markedly  with  the  distribution  of  products 
from  1-hexene.  The  dimeric  products  from  cyclohexene  appear  to  be  more 
consistent  with  the  free  radical  scheme  from  a  qualitative  standpoint.  The 
radiolyses  of  liquid  2-butene  (68)  and  propylene  ( 7U)  have  been  studied.  If 
the  arguments  that  were  applied  to  the  1 -hexene  radiolytic  system  are  applied 
to  2-butene  and  propylene  radiolyses,  then  it  appears  that  both  the  free 
radical  and  the  ionic  mechanisms  are  required  to  explain  the  complete 
distribution  of  products. 

(d)  Products  Arising  from  C-C  Bond  Cleavage 

Not  a  great  deal  of  attention  has  been  applied  to  C-C  bond  cleavage 
in  the  radiolyses  of  non-cyclic  olefins.  The  yields  of  fragmentation 
products  reported  for  such  systems  were  low  relative  to  the  yields  of  other 
products.  (Hydrogen  is  not  included  as  one  of  the  fragments  considered  in 
this  section).  For  example  in  the  1-hexene  radiolysis  a  G-value  of  O.O2I4 
was  reported  for  fragmentation  products,  while  G( -1-hexene  )ja*l6. 

In  the  radiolysis  of  liquid  cyclohexene  the  yield  of  fragmentation 
products  was  only  G  -  0.28  (75) •  The  products  were  ethylene,  acetylene  and 
butadiene  and  were  in  proportions  that  were  consistent  with  the  reactions 
I  .69  and  1.70  below. 


- 
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The  formation  of  non-cyclic  ^-hydrocarbon  products  from 
cyclohexene  was  not  exhaustively  studied  in  the  current  work. 

In  the  radiolysis  of  ^-pinene,  ring  opening  was  a  major  process  (76). 
The  presence  of  the  cyclobutane  ring  in  the  molecule  no  doubt  explains  the 
instability  of  the  ring  structure  under  irradiation.  Ocimene  and  dipentene 
were  major  products.  Fragmentation,  following  ring  opening,  was  a  very  minor 
process.  Both  excited  and  ionized  <=< -pinene  molecules  may  give  rise  to  these 
products.  The  processes  suggested  by  Bates  and  Williams  are  given  below. 

The  ionic  mechanisms  are  given  by  equations  1.71,  1.72  and  1.73* 


1.71 


XIV 
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XIV 


XIV 


from 


ocirnene 


H-atom 

transfer 


neutralization 

- ^ 


dipentene 


1.73 


The  excited  molecule  mechanisms  for  ocirnene  and  dipentene  formation 
°<-pinene  are 


I.7U 
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1.75 


When  the  temperature  at  which  the  radiolysis  was  carried  out  was  lowered 
from  30°  to  -196°C,  G(dipentene)  rose  from  0.9  to  1.3  while  G(ocimene)  fell 
from  2.2  to  0.8  .  This  is  consistent  with  the  excited  molecule  mechanism, 
since  two  bonds  must  be  broken  in  the  formation  of  ocimene,  and  only  one  in 
the  formation  of  dipentene.  (The  intramolecular  disproportionation  step  in 
the  dipentene  formation  has  an  activation  energy  of  ~zero).  The  fact  that 
ocimene  and  dipentene  were  major  primary  products  in  the  gas  phase  pyrolysis 
of <x  -pinene  supports  such  a  mechanism  (77) • 

(e)  Hydrogen  Formation 

G-values  for  hydrogen  production  in  olefins,  radiolyzed  in  the  liquid 
phase,  are  usually  and  apparently  always  2.  This  is  in  comparison  to  G-values 
of  ~ 5  for  hydrogen  production  from  liquid  alkanes  (78)*  It  has  not  been 
possible  to  determine  experimentally  what  type  of  mechanism  is  giving  rise  to 
hydrogen  formation.  Ionic  and  non-ionic  mechanisms  for  hydrogen  formation  are 
given  on  pages  6-13  •  Ionic  mechanisms  are  ememplified  by  equations 
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1.2,  1.7,  1*8  and  I. 10.  Free  radical  and  excited  molecule  reactions  yielding 
hydrogen  are  illustrated  by  equations  1.15,  1.19,  1.21,  1.25  and  1.26. 

(f )  Cyclohexene 

The  liquid  phase  radiolysis  of  cyclohexene  has  been  studied 
previously  (75)  (79)  (80),  and  the  nature  of  the  products,  and  their 
distribution,  were  explainable  in  terms  of  free  radical  and  excited  molecule 
mechanisms. 

For  example,  the  dimeric  products  were  dicyclohexyl,  3-cyclohexyl- 

17  / 

cyclohexene  and  2,2 '-dicyclohexenyl  .  At  a  dose  rate  of  /N/10  ev/g  min 
for  Y-radiolyses  (75)  (60)  the  G- values  reported  for  these  products  were 
0,11  -  0.15,  0.22  -  0.5,  and  1.36  -  1.8  for  dicyclohexyl,  3-cyclohexylcyclohexene 
and  2,2 '-dicyclohexenyl  respectively.  An  ionic  mechanism  of  the  type 
suggested  earlier  for  1-hexene  dimerization  (page  23)  would  yield 
2-cyclohexylcyclohexene  as  the  major  dimeric  product.  This  product  was  not 
formed  (80).  The  formation  of  2,2 '-dicyclohexenyl  as  the  major  dimer 
indicated  a  free  radical  mechanism  in  which  ally lie  type  radicals  were  the 
most  important  intermediates. 

A  detailed  discussion  of  the  cyclohexene  radiolysis  will  be  given  in 
section  IV. 


*  The  3-cyclohexylcyclohexene  structure  is 


and  the  2,2 '-dicyclohexenyl  structure  is 
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(g)  The  Scope  of  the  Present  Work 

It  was  pointed  out  earlier  that  in  the  radiolysis  of  cyclohexene 
the  products  were  explained  by  a  free  radical  mechanism.  It  was  the 
intention  in  this  work  to  formulate  and  carry  out  experiments  to  test  the 
free  radical  explanation.  Products  formed  as  a  result  of  C-H  bond  scission 
were  the  prime  subject  of  study.  Co^°  Y-rays  were  used  throughout  the  work. 
The  effects  of  dose,  dose  rate  and  additives  on  the  yields  of  products  from 
the  radiolysis  of  liquid  cyclohexene,  were  studied. 


Some  experiments  were  also  carried  out  with  deuterated  cyclohexene. 


SECTION  II  -  EXPERIMENTAL 
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SECTION  II  -  EXPERIMENTAL 


(A)  MATERIALS 

(a)  Compounds  to  be  Radiolized 
(l)  Cyclohexene 

The  cyclohexene,  obtained  from  Eastman  Organic  Chemicals  Co.,  was 
fractionally  distilled  through  a  31  column  at  atmospheric  pressure. 

The  distillate  contained  0.1$  cyclohexane,  and  0.008$  of  each  of 
benzene  and  1,3-cyclohexadiene.  (The  impurity  concentrations  are 
expressed  as  mole-percentages).  This  cyclohexene  was  irradiated 
without  further  treatment,  for  hydrogen  yield  determinations. 

For  all  experiments  where  the  cyclohexane  yield  was  sought, 
the  distilled  cyclohexene  was  further  purified  by  vapour  phase 
chromatography  (V.P.C.),  using  a  metre,  20$  by  weight,  di-n-decyl 
phthalate  on  firebrick,  column.  The  cyclohexene  was  injected,l  ml 
at  a  time, and  trapped  from  the  column  before  entering  the  Gow-Mac 
detector,  since  passage  through  the  heated  interior  of  this  detector 
caused  some  decomposition  of  the  olefin.  The  material  was  recycled 
through  the  column  until  the  cyclohexane  content  was  reduced  to  less 
than  0.02$  . 

For  the  attempt  to  detect  1,3-cyclohexadiene  and  benzene 
production,  the  cyclohexene  was  further  purified  through  a  column 
consisting  of  2  metres  of  30$,  by  weight,  3,3 '-oxydipropionitrile  on 
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firebrick,  followed  by  a  J  metre  of  25>#,  by  weight,  fluorolube  on 
firebrick.  Not  more  than  100  jjl  of  the  cyclohexene  could  be 
injected  at  one  time,  without  losing  the  separation  between 
cyclohexene  and  1,3-cyclohexadiene. 

(2)  Cyclohexene-d^Q 

The  deuterated  cyclohexene,  as  supplied  by  Merck,  Sharp  and 
Dohrrie  of  Canada  Ltd.,  contained  up  to  12#  C^D^H,  depending  upon  the 
sample.  The  actual  C^D^H  content  of  the  heavy  cyclohexene  used  in 
a  given  experiment  is  given  in  the  appropriate  results  section. 

Heavy  cyclohexane  (~0.3%)  and  benzene  (^1.0#),  were  also  present  as 
impurities.  No  attempt  was  made  to  purify  this  material,  except  for 
the  runs  to  determine  liquid  product  yields  from  the  radiolysis  of 
heavy  cyclohexene.  In  these  cases  the  material  was  purified  by  V.P.C. 
as  follows. 

The  cyclohexene-d^  was  first  passed  through  the  3,3'-oxy- 
dipropionitrile/f luorolube  column  in  0.5  ml  portions,  to  remove  the 
benzene.  It  was  then  passed  three  times  through  the  di-n-decyl 
phthalate  column,  injecting  0.7  ml  at  a  time.  This  reduced  the 
cyclohexane  content  to  0.012#  . 

(3)  1 ,U-Cyclohexadiene 

The  l,U-cyclohexadiene,  as  obtained  from  the  Aldrich  Chemical 
Co.,  Inc.,  contained  0.6#  benzene,  0.8#  1,3-cyclohexadiene  and  O.lU#  of 
each  of  cyclohexane  and  cyclohexene.  The  polymer  content  was  neglibible. 
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This  material  was  used  without  further  purification,  except 
for  the  radiolysis  of  “pure”  1,6-cyclohexadiene.  For  this,  the 
diene  was  purified  by  V.P.C.,  using  the  di-n-decyl  phalate  column. 
For  the  determination  of  G(benzene)  and  G( 1,3-cyclohexadiene)  the 
1,6-diene  was  purified  using  the  3,3,-oxydipropionitrile/flurolube 
column. 


(6)  1,3-Cyclohexadiene 

1,3-cyclohexadiene  was  obtained  from  Columbia  Organic 
Chemicals  Inc.,  and  the  Aldrich  Chemical  Co.,  Inc.  After  vacuum 
distillation  to  remove  polymer,  the  Columbia  material  contained 
11.8#  1,6-cyclohexadiene,  17 •%%  cyclohexene,  and  2.9$  benzene.  After 
polymer  removal,  the  Aldrich  material  contained  6.1$  cyclohexene, 

6.8$  benzene,  0.1$  1,6-cyclohexadiene  and  0.1$  cyclohexane.  For 
polymer  yield  determinations  the  Aldrich  material  was  used  without 

t 

further  purification. 

I 

For  hydrogen  yield  determinations  the  Columbia 

1,3-cyclohexadiene  was  used.  It  was  purified  by  V.P.C.,  passing 
100  ^1  samples  through  the  3,3 '-oxydipropionitrile/fluorolube 
column.  The  resulting  material  contained  a  total  of  about  1.0$  of 
impurities,  mainly  cyclohexene  and  1,6-cyclohexadiene. 

The  Aldrich  material  was  used  for  the  radiolysis  of 

1,3-cyclohexadiene  -  cyclohexene  solutions  to  determine  liquid  product 
yields,  for  the  appearance  potential  measurements,  and  for  the 
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radiolysis  of  cyclohexene-d^  -  1,3-cyclohexaaiene  solutions.  For 
these  purposes  the  1,3-diene  was  purified  with  the  use  of  the 
3,3 '-oxydipropionitrile/fluorolube  column.  0.7  ml  were  injected  at 
a  time,  and  the  material  was  recycled  to  reduce  the  impurities  to  a 
satisfactory  level.  The  material  finally  contained  0,1#  l,l*-cyclo- 
hexadiene,  ~0#  benzene  and  2.5#  cyclohexene. 


( 5 )  Benzene 

Research  grade  benzene  from  the  Phillips  Petroleum  Go.  was 
used  as  supplied, 

(b)  Compounds  Used  for  Identifications 

DLcyclohexyl  was  supplied  by  the  Aldrich  Chemical  Co., 
1,1-dicyclohexenyl  by  Frinton  Laboratories,  diphenyl  and  phenyl 
cyclohexane  by  the  Eastman  Kodak  Co.,  deuterium  by  General  Dynamic 
Corp.,  1,5-hexadiene  by  K  and  K  Laboratories,  cyclohexane  by  Fisher 
Scientific  Co.  and  methane  by  Phillips  Petroleum  Co. 

Isomers  of  cyclohexyl  cyclohexene  were  prepared  by  heating 
phosphorous  pentoxide  with  technical  grade  2-cyclohexylcyclohexanol 
and  ij-cyclohexylcyclohexanol  (Eastman  Organic  Chemicals)  and  distilling 
the  product  in  each  case, 

2,2'-dicyclohexenyl  was  prepared  from  cyclohexene,  using  the 
method  described  by  Farmer  and  Moore  (8l).  The  di-tert-butyl  peroxide 
(pract.)  was  supplied  by  Matheson,  Coleman  and  Bell. 
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was 


The  dicyclohexadiene  ^tricyclo[ji,]4,2^,1^,o]  dodeca-2,8-dien^ 

o 

prepared  by  heating  1,3-cyclohexadiene  at  200  C  for  20  hours  in  vacuo, 
(82)  (83).  A  trace  (  <0.05  mole  %)  of  diphenylpicrylhydrazil  was  added 
to  the  diene,  in  order  to  inhibit  free  radical  processes. 


(c)  Materials  Used  for  V.P.C. 

Medium  activity  silica-gel  and  firebrick  (30-60  mesh 
Kromat-FB)  were  obtained  from  the  Burrell  Corp. ,  the  silicone  rubber 
emulsion  from  Wilkens  Instrument  and  Research  Inc.,  di-n-decyl- 
phalate  (pract.)  from  Eastman  Organic  Chemicals,  and  3,3 '-oxydipropionitrile 
(pract.)  from  Matheson,  Coleman  and  Bell. 


(d)  The  Y-ray  Source 


60 

The  300  curie  Co  ,  TS-ray  source  was  housed  in  a  special  irradiation 


room  (cave). 
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(B)  APPARATUS 

(a)  Vapour  Phase  Chromatography  (V.P.C.)  Unit 

V.P.C.  was  used  for  the  purification  of  the  materials  to 
be  radiolized  and  for  the  analysis  of  products  formed  during 
irradiation.  A  description  of  the  apparatus  follows. 

(i)  The  V.P.C.  Unit 

The  V.P.C.  unit  is  shown  schematically  in  Figure  II, la. 

The  hot  wire  detector  (Model  TR  III  B)  and  power  supply 
(Model  9999-C)  were  manufactured  by  the  Gow-Mac  Instrument  Co,  and 
the  recorder  was  manufactured  by  E.H.  Sargent  and  Co,  (Cat. No,  S-72180). 
The  columns  were  similar  to  the  Burrell  type,  2^  metre,  heated  (J  tube 
(Cat. No.  3U7-01-25).  The  column  design  was  modified  so  that  a  dial 
thermometer  (Fisher  Scientific  Co.)  could  be  used  to  measure  the 
temperature  of  the  effluent  gas.  The  column  in  use  was  enclosed  in  a 
box  packed  with  glass  wool. 

Single  stream  operation  was  used,  with  helium  as  the  carrier 
gas.  The  gas  flow  was  controlled  by  the  coarse  valve,  CV,  and  the  fine 
valve  FV  (Edwards  High  Vacuum  Ltd.).  The  coarse  valve  reduced  the 
helium  pressure  to  16  lb/sq  in.  The  flow  rate  was  measured  by  the 
bubble  flowmeter,  F.  The  drying  tube  was  packed  with  molecular  sieve-13A 
(Burrell  Corp.)* 

The  detector  was  heated  to  U2£°F  .  A  detector  current  of  280  mA 
was  used  for  analysis.  The  current  was  reduced  to  l£0  mA  during  substrate 


purifications. 
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liquid  samples  were  injected  directly  onto  the  column, 
through  a  silicone  seal,  at  point  I,  using  a  hypodermic  syringe. 
Gaseous  samples  were  introduced  from  a  trap  at  the  l*-way  stop-cock,  W, 
as  shown  in  Figure  II. lb.  The  actual  injection  was  effected  by 
turning  the  l*-way  stop-cock,  W' ,  through  90°  . 

In  order  to  collect  a  separated  product,  or  a  material 
being  purified,  the  gas  flow  was  diverted  through  the  opening  normally 
sealed  by  the  dial  thermometer,  and  thence  into  a  cold  trap. 

(2)  The  Columns 

A  summary  of  the  chromatography  columns  used  in  this  work, 
with  the  conditions  applied,  is  given  in  Table  II. 1.  Approximate 
retention  times,  for  hydrocarbons  of  interest  in  this  study  are  also 
given.  A  far  more  complete  study  of  hydrocarbon  retention  times  on  a 
number  of  columns,  including  di-n-decyl  phthalate  and 
3,3,-oxydipropionitrile,  is  given  by  Hively  (81*). 

Other  columns  were  tried,  and  although  not  used  in  the  final 
analysis  scheme,  some  were  of  assistance  in  identifying  products. 
Included  were  a  metre  silicone  5&0  column,  and  a  1  metre  AgNO^  - 
glycerol  column  ( 8£  ) ,  both  of  which  separated  cyclohexane  from 
cyclohexene  satisfactorily.  Apiezon  L  gave  a  separation  similar  to 
that  given  by  silicone  rubber,  but  tended  to  contaminate  the  detector 
when  the  column  was  heated  to  a  temperature  high  enough  to  give  a 
satisfactory  C^-hydrocarbon  analysis. 

(b)  Vacuum  System 


A  vacuum  system  was  used  to  prepare  samples  for  irradiation  and 
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to  analyse  irradiated  samples  for  hydrogen  and  methane. 

The  system  was  constructed  of  Pyrex  glass,  and  k  mm  bore 
stop-cocks,  lubricated  with  silicone  grease  (Dow  Corning),  were 
used,  except  when  otherwise  stated.  The  main  manifold  is  shown  in 
Figure  11,2,  The  system  was  evacuated  by  the  mechanical  vacuum  pump 
(W,M.  Welch  Manufacturing  Co. ;  Cat. No.  1^05)  and  the  mercury  diffusion 
pump.  The  Pi rani  vacuum  gauge.  Type  GP  110,  was  manufactured  by 
Consolidated  Electrodynamics.  The  traps  T-^  and  Tg  were  immersed  in 
liquid  nitrogen  whenever  the  system  was  in  use.  When  the  system  was 
not  in  use,  the  10  mm  bore  stop-cocks,  and  Mg,  greased  with  Apiezon  N, 
were  closed,  while  stop-cock  1  was  opened  to  the  atmosphere, 

Stop- cock  3  connected  the  main  manifold  to  the  cell  filling 
system,  which  will  be  described  in  the  section  on  sample  preparation 
(page  53  ). 

Stop-cock  5  led  to  the  gas  analysis  system,  which  will  be 
described  in  the  section  on  hydrogen-methane  analysis  (page  55  )• 
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FIGURE  II. 2 
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(C)  TECHNIQUES 

(a)  Sample  Irradiation 

The  samples  were  irradiated  using  the  300  curie,  Co^  ^f-ray 

source.  A  series  of  sample  holders  were  available,  at  different 

distances  from  the  source,  for  dose  rate  dependence  studies.  The 

dose  rate  at  each  position  was  measured  using  the  "Fricke  dosimeter”  (86  ). 

17  19 

A  dose  rate  range  of  1  x  10  -  2  x  10  ev/ml  hour  was  used.  A 

Cary  Recording  Spectrophotometer  (Model  II4.  M)  was  used  to  measure  ferric 
ion  formation  in  the  Fricke  dosimeter.  [€.  (Fe3*,  301*  mf>,  25°C  )  »  2225  ; 
G(Fe3+)  =  15.5]  . 

The  liquid  samples  were  degassed  and  then  sealed  into  vacuum 
tight,  Pyrex  glass  cells*  For  hydrogen  yield  determinations,  2  ml  and 
8  ml  samples  were  irradiated.  For  the  determinations  of  liquid  product 
yields,  1  ml  samples  were  irradiated.  The  preparation  of  these  samples 
will  be  described  in  the  next  section. 

(b)  Sample  Preparation 

Samples  to  be  irradiated  were  degassed  and  transferred  into 
Pyrex  glass  cells  using  the  section  of  the  vacuum  system  shown  in 
Figure  II. 3a.  A  sample  was  measured  into  the  finger,  F^,  by  pipet.  It 
was  then  degassed  in  the  finger,  using  the  conventional  freezing-pumping¬ 
warming  cycle,  with  stop-cock  U  being  closed  during  the  warming  cycles. 
Degassing  was  completed  during  distillation  of  the  sample  from  the  finger 
to  the  trap  T^,  with,  stop-cock  3,  to  vacuum,  being  open.  The  sample  was 


FIGURE  II.  3 


a  -  Sample  Preparation  Manifold 
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b  -  Sample  Cell  -  liquid  Product  Determinations 


c  -  Sample  Cell  -  and  CH^  Determinations 
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then  transferred  to  one  of  the  irradiation  cells,  0,  which  was  then 
flame  sealed  at  the  neck.  The  cells  were  made  from  1^.0  +  0,3  mm  O.D. , 
Pyrex  glass  tubing.  For  the  determination  of  liquid  product  yields 
the  cells  had  test  tube  ends,  as  shown  in  Figure  II. 3b,  and  normally 
contained  1  ml  samples.  For  the  determination  of  hydrogen  -  methane 
yields,  the  tubes  were  made  with  breakable  tips,  as  shown  in  Figure  3c. 

To  determine  hydrogen  yields,  2  ml  samples  were  normally  irradiated, 
but  some  8  ml  samples  were  used  for  low  dose  radiolyses  (  ^»3  x  10x  ev/g). 
In  the  radiolysis  of  cyclohexene-d.^,  1  ml  samples  were  used  in  all 
cases . 

(c)  Hydrogen  -  Methane  Analysis 

Hydrogen  and  metnane  yields  were  determined  using  the  gas 
analysis  vacuum  system  shown  in  Figure  II. Ua.  The  irradiated  sample 
cells  were  broken  in  finger  F^  .  Prior  to  breaking  the  cell, 
stop-cocks  7  and  9  were  closed  and  traps  T^  and  T^  and  the  finger  were 
cooled  to  -196°C  with  liquid  nitrogen.  After  the  cell  was  broken, 
stop-cock  7  was  opened  and  the  gases  not  condensible  at  -196°C  (hydrogen 
and  methane)  were  pumped  into  the  McCleod  gauge,  G,  using  the  Toepler 
pump,  P.  The  pump  was  operated  using  a  subsidiary  vacuum  system  that 
was  evacuated  by  a  Welch  duo-seal  pump  (Cat. No.  ll|00).  The  measured 
volumes  of  the  McCleod  gauge  are  given  in  the  key  to  Figure  II. Ub. 

In  order  to  determine  the  proportions  of  hydrogen  and  methane, 
a  sample  of  the  gas  in  the  McCleod  gauge  was  taken  through  stop-cock  9, 
to  be  analyzed  by  V.P.C.,  using  the  activated  charcoal  column. 
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In  the  radiolysis  of  heavy  cyclohexene,  samples  of  the  hydrogen 
formed  were  taken  from  the  McCleod  gauge  to  be  analyzed  by  mass 
spectrometry.  The  mass  spectrometer  was  calibrated  using  H^,  and  an 
equilibrated  mixture  of  H^,  D^  and  HD.  The  equilibrium  mixture  was 
obtained  by  applying  a  high  voltage  discharge  to  a  $0/$Q  mixture  of 
and  D^,  at  reduced  pressure,  in  a  glass  bulb.  The  sensitivities  are 
given  in  Table  II. 2.  Since  the  high  voltage  discharge  was  applied  to  the 
outside  of  the  glass  container,  the  temperature  of  equilibrium  was  not 
known.  Therefore,  the  HD  pressure  was  obtained  by  difference,  using 
and  D^  sensitivities  obtained  under  the  same  conditions. 

When  the  sensitivities  thus  obtained  were  used  to  calculate  the 
concentrations  of  H^,  D^  and  HD  that  were  present  in  the  equilibrium 
mixture,  and  these  values  for  the  concentrations  were  inserted 
into  the  expression 

[hd] 

<  [h2]  Pa])4 


then  a  value  of  I  *  1.8?  was  obtained.  Theoretical  equilibrium 
concentrations  (87)  gave  values  for  Y  of  1.86  and  1.91  at 
temperatures  of  110°C  and  270°C,  respectively.  This  agreement,  between 
the  theoretical  and  experimental  values  of  Y,  was  an  indication  that  the 
hydrogen-deuterium  calibrations  were  trustworthy. 
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TABLE  II. 2 

H^,  D^,  HD  Sensitivities  for  the  Mass  Spectrometer 


COMPOUND 

SENSITIVITY 

cm/micron 

H 

2 

0.825 

D2 

1.12 

HD 

0.995 
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(d)  liquid  Product  Analysis 

(l)  Method 

Liquid  products  were  analyzed  using  V.P.C.  Samples  of  100  jj  1 
were  injected  onto  the  silica-gel  column,  while  SO  jj  1  samples  were 
used  with  the  other  columns.  A  measure  of  the  product  concentrations 
relative  to  substrate  concentration  was  obtained.  Calibration  of  the 
V.P.C.  is  described  below.  The  identity  of  the  column  used  to  measure 
any  given  product  yield  is  included  in  the  appropriate  section  of  the 
results.  (Section  III) . 

(2)  V.P.C.  Calibration 

The  relative  component  concentrations  of  the  solutions 
separated  by  V.P.C.  were  determined  by  measuring  the  areas  under  the 
peaks  traced  on  the  moving  recorder  chart.  In  order  to  relate  relative 
areas  to  concentrations,  calibration  factors  were  determined.  Calibrating 
solutions  were  made  up  with  concentrations  similar  to  those  found  in  the 
irradiated  samples.  The  solvent,  which  was  always  in  large  excess,  was 
given  a  factor  of  unity,  by  definition.  The  calibration  factor,  P,  for  a 
given  compound,  x,  when  dissolved  in  solvent,  y,  is  defined  by 

(**  +  V 

p  .  - 

u**  y 

where  Ax  and  are  the  peak  areas  recorded  for  compounds  x  and  y 

respectively,  and  M  and  M  are  the  mole  fractions  of  x  and  y,  respectively, 

x  y 


'  ftgttJ 
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in  the  solution  being  analyzed. 

(3)  The  Calibration  Factors 

The  calibration  factors  obtained  in  this  study  are  presented 
in  Table  II. 3*  Since  the  factors  frequently  varied  with  concentration, 
the  results  are  also  presented  graphically  in  Figures  II. 5  “  II. 10 
inclusive,  as  a  function  of  solution  composition.  The  compositions  of 
the  calibrating  solutions  are  expressed  by  the  ratio 

Total  peak  area  from  the  injected  sample 

Peak  area  due  to  solute  being  calibrated 

The  locations  of  the  various  graphs  are  included  in  Table  II. 3 
for  convenience. 

(e)  Polymer  Determination 

Weighed  samples  of  irradiated  material  (approx.  1.6  g)  were 
evaporated  by  a  stream  of  nitrogen,  after  a  portion  had  been  analyzed  by 
V.P.G.  for  C12-hydrocarbon  content.  The  residue  was  weighed  and  then 
dissolved  in  a  measured  quantity  of  n-hexane.  This  hexane  solution  was 
then  analyzed  by  V.P.C.,  first  using  the  silicone  rubber  column  to 
determine  residual  C-^2 -hydrocarbon  and  secondly  using  the  di-n-decyl 
phthalate  column  to  measure  any  residual  C^-hydrocarbon.  Thus  the  weight 
of  residue  that  was  due  to  polymer  was  determined  by  difference. 


' 
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TABLE  II. 3 


Calibration  Factors  for  Vapour  Phase  Chromatography 


SOLVENT 

SOLUTE 

COLUMN  PACKING 

Cyclo- 

Dicyclo- 

Silica-Gel 

hexene 

hexyl 

(medium  activity) 

TOTAL  AREA 

SOLUTE  AREA 

FACTOR 

GRAPH 

PAGE 

LOCATION 

FIG. 

2970 

2 

66 

II.  SB 

1*560 

2.26 

1*760 

2.16 

5800 

2.39 

6890 

2.16 

7160 

2.23 

7920 

2.23 

9100 

2.19 

9320 

2.1*0 

12500 

2.26 

25200 

2.35 

Cyclo-  2,2'-dcyclo-  Silica-Gel  837  2.00  68  II. 7D 

hexene  hexenyl  (medium  activity) 

11*20  1.86 


1715  1.90 
1850  1.91* 
3720  1.63 


1*1*00  1.70 
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TABLE  II .3  (Cont.) 


SOLVENT 

SOLUTE 

COLUMN  PACKING 

TOTAL  AREA 

FACTOR 

GRAPH 

LOCATION 

SOLUTE  AREA 

PAGE 

FIG. 

Cyclo- 

Cyclohexyl- 

Silica-Gel 

2820 

1.75 

66 

II.  5a 

hexene 

cyclohexene 

(medium  activity) 

5080 

1.55 

5510 

1.78 

9600 

1.25 

11*200 

1.51 

Cyclo- 

Cyclohexyl- 

1*0/6  Silicone 

755 

1.86 

70 

II.  9A 

hexene 

cyclohexene 

Rubber  on 
Firebrick 

1050 

1.73 

2135 

1.1*7 

5630 

1.39 

Cyclo- 

Cyclohexane 

20$  Di-n-decyl 

505 

0.91* 

69 

II.  8A 

hexene 

Phthalate  on 
Firebrick 

576 

1.07 

1060  0,90 

16^0  1.01 

2000  0.99 

£320  1.01 
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TABLE  II .3  (Cont.) 


SOLVENT 

SOLUTE 

COLUMN  PACKING 

TOTAL  AREA 
SOLUTE  AREA 

FACTOR  GRAPH 

LOCATION 

PAGE 

FIG. 

50 %  Cyclo- 

2,2 ‘-Dicyclo- 

Silica-Gel 

1360 

1.56  68 

II.  7A 

hexene 

50$  Benzene 

hexenyl 

(medium  activity) 

2000 

1.U8 

7260 

1.2U 

50^  Cyclo- 

2,2‘-Dicyclo- 

h(%  Silicone 

868 

1.59  69 

II.  8D 

hexene 

hexenyl 

Rubber  on 

5Qj6  Benzene 

firebrick 

1U00 

1.52 

5Q£  Cyclo-  2,2 '-Dicyclo- 

Silica- Gel 

1628 

1.U2  68 

II.  7B 

hexene  hexenyl 

50#  l,U-Cyclo- 
hexadiene 

(medium  activity) 

59UO 

1.20 

50$  Cyclo¬ 

2,2‘-Dicyclo- 

kO%  Silicone 

51*7 

1.56  69 

II.  8C 

hexene 

hexenyl 

Rubber  on 

5C#  l,U-Cyclo- 

firebrick 

1660 

1.39 

hexadiene 
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TABLE  II. 3  (Cont.) 


SOLVENT 

SOHJTE 

COLUMN  PACKING 

TOTAL  AREA 

SOLUTE  AREA 

FACTOR 

GRAPH 

LOCATION 

PAGE 

FIG. 

Cyclo- 

DLcyclo- 

1*0#  Silicone 

138 

1.89 

67 

II. 6 

hexene 

hexyl 

Rubber  on 
Firebrick 

565 

1.88 

111;0 

1.79 

1210 

1.95 

1760 

1.60 

2255 

1.75 

3iuo 

1.U9 

1*650 

1.87 

5i»70 

1.88 

5500 

1.88 

Cyclo¬ 

2,2'-Dicyclo-  1*0#  Silicone 

195 

1.76 

70  11. 9B 

hexene 

hexenyl  Rubber  on 

Firebrick 

1065 

1.59 

1160 

1.75 

1605 

1.59 

2320 

1.1*1 

25UO 

1.1*0 

1*900 

1.53 
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TABLE  II  .3  (Cont.) 


SOLVENT 

SOLUTE 

COLUMN  PACKING 

TOTAL  AREA 
SOLUTE  AREA 

FACTOR 

GRAPH 

LOCATION 

PAGE 

FIG. 

Cyclohexene 

1,3-Cyclo- 

30#  3,3 '-oxy- 

50.2 

0.93 

71 

II.10B 

hexadiene 

dip  ropi  oni  t  ri  1  e 

1*73 

1.00 

972 

0.97 

2210 

1.00 

66  £0 

1.11* 

Cyclohexene  l,l*-Cyclo- 

30#  3,3'-oxy- 

183 

1.00 

71  II.10A 

hexadiene 

dip  ropi oni trile 

1250 

1.09 

14*20 

0.97 

6830 

1.12 

l,l*-Cyclo- 

2,2  '-Dicyclo- 

Silica- Gel 

11*10 

1.79 

68 

II.7C 

hexadiene 

hexenyl 

(medium  activity) 

281*0 

1.63 

3000 

1.76 

l,l*-Cyclo- 

2,2'-IW.cyclo- 

1*0#  Silicone 

83O 

1.53 

69 

II.  8B 

hexadiene 

hexenyl 

Rubber  on 
firebrick 

3250 

1.13 
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FIGURE  II . 6 

Calibration  Factors 


Solute : 

Solvent: 

Column: 


Dicyclohexyl 
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Silicone  rubber 


SOLVENT  AREA /SOLUTE  AREA 
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Solute: 
Solvent: 
Column : 

Solute: 

Solvent: 

Column: 

Solute: 

Solvent: 

Column: 

Solute: 

Solvent: 

Column: 


FIGURE  II.  7 

Calibration  Factors 
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Solute : 

Solvent: 

Column: 

Solute: 
Solvent : 
Column: 

Solute : 
Solvent: 
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Solute: 

Solvent: 

Column: 


FIGURE  II*  8 
Calibration  Factors 
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FIGURE  II. 9 

Calibration  Factors 
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Solute : 

Solvent: 

Column: 

Solute: 

Solvent: 

Column: 


FIGURE  II. 10 

Calibration  Factors 
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(f )  Product  Identification 

(1)  Cyclohexane 

The  product  identified  as  cyclohexane  was  eluted  from  four 
different  V.P.C.  columns  with  the  correct  retention  time,  and  a  sample 
of  this  product,  trapped  from  the  di-n-decyl  phthalate  column,  gave  a 
parent  mass  of  81*  on  the  mass  spectrometer. 

(2)  Dimers 

(i)  Method 

The  identification  of  dimers  was  based  on  their  retention  times 
on  the  silica-gel  and  the  silicone  rubber  columns.  Figures  II. 11  and 
11.12  give  a  number  of  V.P.C.  records  obtained  from  the  silica-gel  and 
silicone  rubber  columns,  respectively.  Line  (i)  in  Figure  II. 11  gives 
retention  times  on  silica-gel,  and  line  (i)  in  Figure  11.12  gives 
retention  times  on  silicone  rubber,  for  a  number  of  pure  compounds.  It 
appeared  that  the  temperature  programming  of  silicone  rubber  gave 
separations  on  the  basis  of  boiling  point,  while  the  retention  times  on 
temperature  programmed  silica-gel  were  influenced  by  boiling  point, 
structure  and  degree  of  unsaturation.  Before  considering  the  identity 
of  the  radiolysis  products,  the  analysis  of  some  of  the  compounds  used 
to  establish  these  retention  times  will  be  discussed. 

(ii)  Analysis  of  Standard  Materials 


The  material  supplied  as  dicyclohexyl  gave  a  single  peak  from 
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FIGURE  11,11 

V.P.C.  Records  -  Silica- Gel  Column 


(i)  Authentic  Compounds 

1.  1-Decene 

2.  Dicyclohexyl 

3.  Prepared  cyclohexylcyclohexene 

U.  Dicyclohexadiene 

5.  2,2 '-Qicyclohexenyl 

6.  1,1 '-Dicyclohexenyl  and  phenyl  cyclohexane 

7 .  Biphenyl 

(ii)  Irradiated  cyclohexene 

(iii)  Irradiated  solution  of  0,2$  1,3-cyclohexadiene  in  cyclohexene 

(iv)  Irradiated  solution  of  2$  l,U-cyclohexadiene  in  cyclohexene 

(v)  Irradiated  solution  of  10$  l,i|-cyclohexadiene  in  cyclohexene 

(vi)  Irradiated  l,U-cyclohexadiene 

(vii)  Products  from  preparation 
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FIGURE  11.12 


V.P.C.  Records  -  Silicone  Rubber  Column 


(i)  Authentic  Compounds 

1.  n-decane,  1-decene 

2.  n-dodecane 

3.  Dicyclohexadiene 

li*  Dicyclohexyl 

5,  2,2 '-Dicyclohexenyl  prepared  cyclohexylcyclohexene, 

and  phenyl  cyclohexane 

6,  n-tetradecane 

(ii)  Irradiated  cyclohexene 

(iii)  Irradiated  solution  of  0,2%  1,3-cyclohexadiene  in  cyclohexene 

(iv)  Prepared  cyclohexyl  cyclohexene. 

(Preparation  by  dehydration  of  U-cyclohexenyl  cyclohexanol 
by  dehydration  of  2-cyclohexyl  cyclohexanol  gave  Peak  3  as 
main  peak) . 


(v)  Irradiated  pure  l,U-cyclohexadiene  and  product  from  preparation  P, 


TIME  (mins,) 


-  75  - 


both  silica-gel  and  silicone  rubber  columns.  Its  mass  spectrum 
(Table  II. U,  Column  l)  was  in  general  agreement  with  that  published 
for  this  compound  in  the  A.P.I.  manual  (88).  Analysis  by  N.M.R. 
spectrometry  (Varian  A-60)  showed  no  aromatic  or  olefinic  protons. 

The  prepared  2,2 1 -dicyclohexenyl  gave  one  peak  only  from 
silicone  rubber.  Silica-gel  separated  one  major  and  three  minor  peaks, 
the  major  peak  area  representing  92$  of  the  total.  The  material  was 
analyzed  by  N.M.R.  and  mass  spectrometry.  Table  II. U,  column  2,  gives 
the  mass  spectrum  obtained.  No  mass  spectral  data  are  given  for  this 
material  in  the  A.P.I.  manual,  but  the  spectrum  given  for  1,5-hexadiene, 
which  can  also  cleave  to  give  two  identical  ally lie  radicals,  shows 
similar  features.  For  1,5-hexadiene  the  height  of  the  parent  peak 
(mass  82),  is  only  1.31$  of  the  height  of  the  mass  hi  peak,  which  is 
the  major  fragment.  It  can  be  seen  that  for  2,2’ -dicyclohexenyl  the  mass 
162  peak  was  only  0.3%  of  the  major  peak  of  mass  81.  Due  to  its  very 
small  size  the  mass  162  peak  was  not  observable  at  11  V,  so  it  could  not 
be  positively  identified  as  the  parent  peak.  The  N.M.R.  (Varian  HR-100) 
spectrum  is  reproduced  in  Figure  II.13A.  The  integration  of  this 
spectrum  gave  an  olefinic  proton  content  of  21.6$  (after  correction  for 
2$  dicyclohexyl  and  2%  cyclohexylcyclohexene,  present  as  impurities). 

This  is  consistent  with  the  2,2' -dicyclohexenyl  structure  (22.2$  olefinic 
protons),  within  analytical  error. 

When  separated  by  silica-gel,  the  materials  prepared  as  isomers  of 
cyclohexylcyclohexene  gave  a  single  main  peak,  together  with  several  minor, 
rather  diffuse,  peaks.  Triple  peaks  were  obtained  from  silicone  rubber 
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TABLE  II. U 


Mass 

Spectral  Data  - 

I 

Column  (l) 

Aldrich  dicyclohexyl  (Peaks 

<  1$  of  major 

peak  not  included). 

Column  (2) 

Prepared  2,2 

!  ' -dicyclohexenyl  (Peaks  <  2$  of  major  peak  not 

included  for 

m/e  <  1U0). 

Column  (3) 

Prepared  cyclohexylcyclohexene  (Peaks  <  10$  of  major  peak 

not  included). 

Column  (U) 

Dimers  from 

irradiated  cyclohexene  (Peaks 

<  1$  of  major  peak 

not  included). 

Column  (£) 

Dimers  from 

preparation  P^ 

(Peaks  <  3$  of 

major  peak  not 

included  for  m, 

/e  <95). 

m/  e 

(1) 

(2) 

(3l 

0*) 

(?) 

27 

10.5 

7.7 

26.8 

20 

10 

28 

12.0 

3.0 

11.8 

28 

12 

29 

12.0 

6.1 

19.2 

9 

8 

39 

13.8 

9.8 

39.8 

31 

12 

ko 

2.5 

“ 

- 

mm 

- 

hi 

U2.0 

19.3 

66.0 

51 

23 

h2 

5.8 

- 

- 

- 

- 

U3 

11.3 

- 

16.2 

- 

- 

hh 

3.7 

- 

- 

- 

- 

51 

- 

2.2 

- 

7 

7 

52 

tm 

- 

- 

- 

h 

53 

6.9 

11.1 

22.3 

20 

lh 

5U 

1^.0 

2.3 

21.6 

38 

8 
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TABLE 

II. U  (Continued) 

m/e 

(i) 

(2) 

(3) 

at) 

(5) 

55 

75.0 

7.7 

U9.5 

60 

8 

56 

9.0 

3.7 

I5.lt 

a 

3 

57 

- 

2^.0 

- 

- 

28 

59 

- 

9.2 

- 

tm 

- 

65 

- 

3.7 

13.3 

8 

5 

66 

- 

2.1 

- 

- 

- 

67 

57.2 

U.2 

100 

81 

16 

68 

6.3 

- 

19.3 

6 

- 

69 

7.0 

- 

16.6 

3 

- 

73 

- 

- 

- 

- 

20 

77 

2.8 

7.6 

22.8 

11 

19 

78 

- 

2.9 

- 

- 

11 

79 

U.6 

2U.8 

U6.0 

36 

61 

80 

1.8 

U6.U 

16.  h 

a6 

51 

81 

13.0 

100 

73.5 

100 

100 

82 

100 

9.6 

hh»k 

98 

20 

83 

63.6 

3.1 

22.3 

a5 

3 

8U 

6.3 

- 

- 

- 

- 

91 

1.3 

U.o 

2U.5 

8 

9 

92 

- 

- 

- 

3 

- 

93 

- 

- 

U8.5 

3 

a* 

9U 

- 

- 

lit.  9 

a 

- 

95 

3.8 

- 

29.8 

a 

- 

96 

5.U 

- 

12, a 

a 

aa 

97 

2.6 

- 

- 

- 

1 

m/e 

98 

100 

103 

10k 

10$ 

107 

108 

109 

115 

116 

117 

121 

122 

128 

129 

130 

131 

135 

11*1 

1U3 

11*9 

152 

153 


-  78  - 


TABLE  II ^ ^  (Continued) 

JlL  J iL  JlL 

3.3 

10*0 

33.6 

23.1 

3.5  -  13.8 


29.2 

11.8 


13.8 

1.3 


38.8 
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TABLE  II. h  (Continued) 


m/e 

(i) 

(2) 

(3) 

(.k) 

(5) 

15U 

— 

2 

155 

- 

- 

- 

- 

1 

156 

- 

0.3 

- 

mm 

2 

157 

- 

- 

- 

- 

1 

158 

- 

- 

- 

- 

6 

159 

- 

- 

- 

- 

1 

160 

- 

- 

- 

- 

1 

162 

- 

0.3 

- 

1 

1 

16U 

- 

- 

25 

- 

1 

166 

10.0 

- 

- 

6 

- 

167 

1.2 

— 

— 

_ 

-  80  - 


FIGURE  11,13 

N.M.R.  Spectra 

A  Alkane  type  protons 

B  Olefinic  protons 

C  Aromatic  protons 

(i)  Prepared  2,2 '-dicyclohexenyl 

(ii)  C^-hydrocarbons  from  preparation 


(Figure  11.12,  line  (iv)  ),  for  the  products  of  the  dehydration  of 
both  2-cyclohexylcyclohexanol  and  l*-cyclohexylcyclohexanol.  The  main 
peak  (peak  3)  in  both  cases,  had  the  same  retention  time  as 
2,2 '-dicyclohexenyl.  The  two  smaller  peaks  had  retention  times  that 
were  intermediate  between  dodecane  and  2,2 '-dicyclohexenyl  in  both  cases, 
which  may  indicate  that  one  of  the  rings  of  cyclohexylcyclohexene  had 
opened.  This  could  explain  those  fragments  in  the  mass  spectrum  of  the 
product  of  the  2-cyclohexylcyclohexanol  dehydration  (Table  II. U,  column  3), 
that  do  not  coincide  with  the  major  peaks  in  either  the  dicyclohexyl  or 
the  2,2 '-dicyclohexenyl  spectra.  The  spectrum  at  8.8  V  consisted  of  one 
peak  only,  of  mass  161*,  indicating  that  the  impurities  were  isomers  of 
cyclohexylcyclohexene. 

The  prepared  dicyclohexadiene  was  analyzed  by  uv  spectrophotometry, 

mass  spectrometry  and  N.M.R.  spectrometry.  The  uv  analysis  indicated  the 

absence  of  a  conjugated  double  bond  system.  The  N.M.R.  spectrum  is 

reproduced  in  Figure  II. 11*.  An  olefinic  proton  content  of  2 %  was  observed 

which  agrees  with  the  dicyclohexadiene  structure.  The  unsymraetrical  nature 

of  the  olefinic  peaks  in  the  N.M.R.  spectrum,  agrees  with  the  expected 

7  10 

structure  (83),  tricyclo  jli,l*,2  3  ,oj  dodeca-2, 8-diene.  The  mass  spectrum 
is  given  in  Table  II. £,  line  1.  The  parent  mass  is  160,  as  expected.  The 
major  peak  has  an  m/e  =  80  . 

(iii)  Dimers  from  Pure  Cyclohexene 

A  typical  analysis  of  the  dimers  produced  in  cyclohexene  radiolysis 
using  a  silica-gel  column,  is  shown  in  Figure  II. 11,  line  (ii). 
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FIGURE  Iiali 

N.M.R*  Spectrum  -  Dicyclohexadiene 


A  Alkane  type  protons 

B  Olefinic  protons 
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TABLE  II .5 

Mass  Spectral  Data  - _ II 


Column  (l)  Prepared  dicyclohexadiene  ^.ricyclo  U , U , 2^ >  ,6]  dodeca-2,8-dienej 

(Peaks  <  1$  of  major  peak  not  included  l'or  m/e  <80  , 

Peaks  <0.1$  are  not  included  for  m/e  >80). 


Column  (2)  D-5,  separated  from  an  irradiated  solution  of  0.6$ 

1,3-cyclohexadiene  in  cyclohexane.  (Peaks  <1$  are  not 
included.  The  available  sample  was  so  small  that  the  peaks 
<1$  were  barely  detectable). 


Column  (3) 

Phenylcyclohexane  (88) 

included) • 

(Peaks  <3$  of 

the  major  peak  not 

ra^e 

ill 

i*L 

ill 

27 

3.9 

Hi 

27.2 

28 

- 

- 

7.9 

29 

mm 

- 

13.1 

38 

- 

- 

3.3 

39 

5.7 

17 

26.6 

hi 

3.5 

22 

21.5 

50 

- 

- 

7.U 

51 

3.3 

9.3 

17.2 

- 

m£( 

£2 

53 

5U 

55 

63 

65 

67 

69 

77 

78 

79 

80 

81 

82 

83 

89 

91 

92 

93 

9h 

102 
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TABLE  11,5  (Continued) 


(1) 

(2) 

(3) 

1.9 

5 

5.1 

2.1* 

6 

5.6 

- 

6 

3.8 

- 

18 

li.5 

1.0 

k 

7.6 

2.7 

7 

9.2 

1.8 

18 

6.5 

- 

mm 

4.6 

7.0 

lli 

lli.  2 

6.1 

12 

15.2 

25.7 

35 

4.0 

100 

100 

- 

7.5 

19 

- 

7.1 

27 

ii.3 

0.5 

lli 

- 

o.lt 

2 

3.1i 

h»9 

21 

72.4 

0.7 

5 

23.5 

0.3 

ii 

- 

- 

U 

- 

0.3 

2 

3.8 

0.6 

3 

11.5 

m/e 

10U 

10$ 

106 

109 

115 

116 

117 

118 

119 

127 

128 

129 

130 

131 

132 

133 

160 

161 
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TABLE  II ♦  £  (Continued) 


(1) 

(2) 

o) 

1.1 

17 

100 

0.6 

15. It 

1.0 

3 

- 

- 

1 

am 

l.U 

5 

15.6 

0.6 

3 

5.8 

1.2 

9 

90.1 

0.2 

3 

15.it 

0.1 

2 

- 

0.3 

1 

- 

0.8 

3 

3.U 

0.7 

3 

3.U 

o.l» 

2 

- 

0.6 

8 

8.6 

o.U 

8 

- 

- 

2 

- 

1.6  p 

7  P 

76.U  p 

0.2 

10.2 

p  -  parent  peak 


“ 
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Peak  1  has  not  been  identified,  but  its  retention  time  on  silicone 
rubber  was  the  same  as  that  for  the  other  three  products,  indicating 
that  it  too  was  probably  a  dimer  .  This  product  will  be  referred  to 
as  D-l  in  later  discussion.  The  compounds  giving  rise  to  peaks 
2,  3  and  U  had  the  same  retention  times  as  dicyclohexyl, 
cyclohexylcyclohexene  and  2,2 '-dicyclohexenyl  respectively,  on  both 
silica-gel  and  silicone  rubber  columns.  Burns  and  Winter  (80)  identified 
a  product  having  a  yield  similar  to  that  of  the  product  giving  rise 
to  peak  3>  as  3-cyclohexyl  cyclohexene.  The  silicone  rubber  analysis 
is  shown  in  Figure  11.12,  line  (ii).  The  shoulder  (peak  l)  was  due  to 
dicyclohexyl.  The  remaining  dimers  were  eluted  together  (peak  2). 

The  four  peaks  were  trapped  together  from  silica-gel,  and  the 
1  y  1  of  product  obtained  was  analyzed  by  mass  spectrometry.  The 
spectrum  obtained  is  given  in  column  k  of  Table  II. U.  The  fragmentation 
pattern  was  consistent  with  the  identifications  given.  Two  peaks  only 
were  observable  in  the  region  of  mass  160,  and  these  were  barely 
detectable  at  70  V.  A  satisfactory  N.M.R,  spectrum  could  not  be  obtained 
with  the  amount  of  product  available. 


(iv)  Dimers  from  Solutions  of  1  lU-c.yclohexadiene 
in  Cyclohexene 

Addition  of  2%  of  l,U-cyclohexadiene  to  cyclohexene  gave  rise  to 
two  new  products,  designated  D-2  and  D-3,  in  the  analysis  using  silica- gel 
(Figure  II. 11,  line  (iv),  peaks  £  and  6  respectively).  All  six  dimers 
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were  eluted  simultaneously  from  the  silicone  rubber  column  with  the 
same  retention  time  as  2,2 '-dicyclohexenyl  (Figure  11.12,  line  (v)  ), 
indicating  that  all  the  products  were  probably  dicyclic  C^-hydrocarbons 


Rajbenbach  and  Szwarc  (89)  have  shown  that  the  abstraction  of 
X  hydrogen  atoms  by  methyl  radicals  is  relatively  much  faster  from 
l,U-cyclohexadiene  than  from  cyclohexene.  Since  Ohnishi  and  Nitta  (32) 
have  identified  2-cyclohexenyl  radicals  in  irradiated  cyclohexene,  and 
Fessenden  and  Schuler  (31)  have  identified  the  dicyclohexadienyl  radical 
in  irradiated  l,[i-cyclohexadiene,  it  might  be  expected  that  products 
arising  from  reactions  involving  cyclohexadienyl  radicals  would  be  observed 
in  the  radiolysis  of  the  l,l±-cyclohexadiene/cyclohexene  solutions,  even  for 
low  diene  concentrations.  Thus  it  was  concluded  that  cyclohexenylcyclohexadiene 
and  dicyclohexadienyl^  were  probable  identities  for  the  two  new  products 
D-2  and  D-3,  respectively.  An  attempt  was  therefore  made  to  prepare  these 
compounds  in  order  to  determine  their  retention  times. 


2,2 '-dicyclohexenyl  had  been  prepared  in  good  yield  when  cyclohexene 
was  heated  with  di-t-butyl  peroxide  (81),  Therefore,  the  peroxide  was 
heated  with  l,U-cyclohexadiene  to  see  if  dicyclohexadienyl  would  be  formed 
(preparation  P^).  Also,  the  peroxide  was  heated  with  l,l|-cyclohexadiene  in 
excess  cyclohexene  (l  mole  l,[*-cyclohexadiene:  3  moles  di-t-butyl  peroxide: 
10  moles  cyclohexene),  in  order  to  prepare  a  mixture  of  2, 2' -dicyclohexenyl, 
cyclohexenylcyclohexadiene  and  dicyclohexadienyl  (preparation  P^). 

*  There  are  three  isomeric  compounds  possible  for  dicyclohexadienyl,  and 
two  for  cyclohexenylcyclohexadiene. 


. 
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Seven  products  were  obtained  in  the  dimer  fraction  from  preparation 
the  highest  yield  being  a  product  corresponding  in  retention  time  to 
biphenyl.  Preparation  P^  yielded  four  dimers  that  were  distinguishable 
using  the  silica-gel  column,  as  shown  in  Figure  II. 11  line  (vii).  Peaks 
1  and  h  correspond  to  2,2 ‘ -dicyclohexenyl  and  biphenyl  respectively. 

Peak  2  apparently  corresponds  to  peak  £  in  both  line  (iv) 

(2$  -  l,U-diene  in  cyclohexene)  and  line  (vi)  (pure  l,U-cyclohexadiene) . 

Peak  3  roay  correspond  to  peak  6,  line  (vi)  (pure  l,U-diene).  All  four 
compounds  from  preparation  P^  and  the  dimers  formed  in  the  irradiation 
of  all  of  the  1,14-diene/cyclohexene  solutions, had  the  same  retention  time 
on  silicone  rubber,  indicating  that  all  were  probably  dicyclic 
C^-hydrocarbons.  (see  Figure  11.12,  line  (v)  ). 

The  dimers  produced  by  preparation  P^  were  analyzed  by  mass  and 
N.M.R.  spectrometry.  The  mass  spectrum  is  given  in  Table  II. U,  column 
It  can  be  seen  that  while  small  peaks  are  present  from  mass  1^2  to  162 
inclusive,  most  of  the  ion  current  was  due  to  fragments.  It  was  not 
therefore  possible  to  characterize  the  components  in  the  mixture,  since 
parent  peaks  were  not  identifiable  at  low  voltage.  The  N.M.R.  spectrum  is 
shown  in  Figure  II.13B.  Since  the  number  of  possible  dicyclic 
Ci 2 -hydrocarbons  was  large,  the  relative  number  of  different  types  of 
proton  could  not  give  a  guide  to  the  compounds  present.  Integration  of 
the  spectrum  showed  a  contribution  due  to  aromatic  protons  of  6.£$  .  If  peak  k 
(biphenyl)  were  the  only  aromatic  compound  present,  then  only  3.6$  of  the 
spectrum  should  be  due  to  aromatic  protons.  However,  the  adjacent  peak  3 
could  not  be  entirely  due  to  a  phenyl  substituted  olefin,  since  in  such  a 


* 
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case  11.1%  of  the  spectra  should  be  due  to  aromatic  protons. 

While  the  chemistry  of  the  system  suggests  that  the  two  new 
products  formed  due  to  the  addition  of  l,U-cyclohexadiene  to  cyclohexene 
(peaks  £  and  6  line  (iv),  Figure  II. 11)  were  probably  due  to  isomers  of 
cyclohexenylcyclohexene  and  isomers  of  dicyclohexadienyl,  no  positive 
identification  was  made,  so  they  will  be  referred  to  as  dimers  D-2  and 
D-3  respectively. 

The  irradiation  of  pure  l,U-cyclohexadiene  (line  (vi)  Figure  II. ll) 
gave  rise  to  a  product  (peak  3),  with  a  retention  time  on  silica-gel 
similar  to  2,2'-dicyclohexenyl.  This  product,  which  may  be  3,3f-dicyclohexenyl, 
will  be  referred  to  as  D-l±. 

(v)  Dimers  from  Solutions  of  1 ,3-cyclohexadiene 

in  Cyclohexene 

The  V.P.C.  records  for  the  dimer  analysis  of  an  irradiated 
solution  of  0.2%  1,3-cyclohexadiene  in  cyclohexene  are  given  in 
Figure  II. 11,  line  (iii),  and  Figure  11.12,  line  (iii),  for  silica-gel 
and  silicone  rubber  columns  respectively.  A  product  is  observed  that  was 
not  present  in  the  radiolysis  of  pure  cyclohexene.  (Peak  k,  line  (iii) 

Figure  II. 11  and  peak  1,  line  (iii)  Figure  11.12).  The  retention  times  of 
this  product  are  the  same  as  those  of  the  prepared  dicyclohexadiene  on  both 
columns.  Irradiation  of  0.6%  solution  of  1,3-cyclohexadiene  in  cyclohexane 
also  gave  rise  to  a  product  that  had  retention  times  identical  to  those  of 
the  prepared  dicyclohexadiene  on  these  columns. 
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This  product  was  not  formed  during  the  irradiation  of  pure  cyclohexane. 

The  product  formed  in  the  irradiated  cyclohexane  solution 
was  separated  by  V.P.C.,  collected  and  analyzed  by  mass  spectrometry 
and  uv  spectrophotometry.  The  uv  spectrum  indicated  an  absence  of 
a  conjugated  double  bond  system.  The  mass  spectrum  is  given  in 
Table  II. 5  column  2,  where  it  can  be  compared  with  the  spectra  of  the 
prepared  dicyclohexadiene  (column  l)  and  phenylcyclohexane  (column  3)« 

Some  dicyclohexyl  and  cyclohexylcyclohexene  were  present  in  the 
irradiation  product.  There  is  a  similarity  between  the  spectrum  of  the 
radiolysis  product  and  that  of  the  prepared  dicyclohexadiene,  while  the 
phenylcyclohexane  spectrum  is  different  from  both. 

The  prepared  dicyclohexadiene  was  the  Diels-Alder  adduct 
product  of  two  1,3-cyclohexadiene  molecules,  tricyclo (u, 2^ ^ ,oJ dodeca-2, 8-diene, 
shown  below 


The  difference  between  the  mass  spectrum  of  the  prepared  material  and  the 
spectrum  of  the  radiolysis  product  may  be  due  to  the  presence  of  another 
isomer  of  dicyclohexadiene  in  the  radiolysis  products.  For  example  the 
symmetrical  adduct  of  two  1,3-cyclohexadiene  molecules 
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may  have  been  formed.  Its  structure  is  shown  as  follows 


The  observed  radiolysis  product  will  be  referred  to  as 
dicyclohexadiene  in  future  discussion. 


(g)  Appearance  Potential  Measurements 

Appearance  potentials  were  measured  using  a  Metropolitan 

Vickers  mass  spectrometer.  Type  MS2.  The  compound  being  studied  and 

Xenon,  the  reference  material,  were  bled  simultaneously  into  the 

ionization  chamber  throughout  a  determination.  The  pressures  of 

132 

both  were  adjusted  initially  so  that  the  Xenon  peak,  and  the  parent 
peak  of  the  compound  being  studied,  were  approximately  the  same  height 
when  the  electron  voltage  was  60  V  . 

To  make  the  determination,  the  peak  heights  were  measured  as 
a  function  of  the  electron  voltage,  the  voltage  being  varied  in  steps 
of  0,2  V.  Readings  were  taken  only  as  the  peak  height  varied  from 
approximately  6$  to  0,1$  of  the  height  at  60  V.  The  results  were 
calculated  by  the  method  described  by  Lossing  et  al,  (90). 
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SECTION  III  -  RESULTS 

(A)  IRRADIATION  OF  PURE  CICLOHEXENE 

(a)  Major  Products  -  Dose  Dependence 

liquid  cyclohexene  was  irradiated  at  a  dose  rate  of 

18 

^9  x  10  ev/g  hour.  The  major  products  measured  were  hydrogen 
(G^  -  1.28),  cyclohexane  (G^  ■  0.95),  2,2'-dicyclohexenyl  (G^  =  1.9U), 
dicyclohexyl  (G^  ■  0.23),  cyclohexylcyclohexene  (G^  =  0.60),  an 
unidentified  dimer, designated  D-l  (G^  =  0.22)  and  polymer  (G^  =  2.3). 

The  yields  of  these  products  were  studied  as  a  function  of  dose. 
Extrapolation 'of  the  results  to  zero  dose  gave  the  initial  G-values  (G^) 
for  these  products  (see  Figure  III.l).  The  values  for  G^  are  summarized 
in  Table  III.l. 

Because  some  products  could  be  determined  more  accurately  than 

others,  the  same  range  of  dose  was  not  used  in  all  of  the  studies. 

Liquid  products,  except  for  polymer,  were  studied  over  the  dose  range 

19 

U* 9U  -  21.2  x  10  ev/g  .  Polymer  production  was  studied  over  the  dose 

range  26.0  -  103  x  10^  ev/g  .  Hydrogen  production  was  studied  over  the 

19 

dose  range  0.252  -  22.1  x  10  ev/g  . 

No  dose  dependence  was  observed  for  the  yields  of  hydrogen  or 
cyclohexane.  The  results  for  hydrogen  are  presented  in  Table  III. 2  and 
Figure  III  ..IB.  The  results  for  cyclohexane  are  presented  in  Table  III. 3 
and  Figure  III.1A.  The  cyclohexane  yields  were  obtained  using  the 
di-n-decyl  phthalate  column. 
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FIGURE  III.l 

Product  Yields  from  Irradiated  Cyclohexene  -  Dose  Dependence 
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TABLE  111,1 


Initial  G-values,  ,  of  the  Major  Products  Formed  in  the  Irradiation 

of  Pure  Cyclohexene 


Dose  rate  range 
Mean  deviations  are  given. 

PRODUCT 

Hydrogen 

2,2 '-dicyclohexenyl 
Cyclohexylcyclohexene 
Dicyclohexyl 

D-l 

Total  dimer 

Polymer  (excl. total  dimer) 


ev/g  hour 

Gi 

1.28  +  0.015 
1.9k  t  0.13 
0.60  ♦  0.05 

0.23  i  0.03 
0.22  +  0.0U 
3.35  i  0.30 

in  C£  units  2.3  +  0.8 

0.95  +  0.05 


8.1^5  -  9.20  x  10 


Cyclohexane 


■  : 
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TABLE  III.  2 


Hydrogen  Yields  from  Cyclohexene,  as  a  Function  of  Dose 


18 

Dose  rate  range  =  8.8  -  9.2  x  10  ev/g  hour. 


-19 

DOSE  x  10  7 

ev/g 

0.25a 
0.280 
0.392 
0.1.07 
0.505 
0.570 
1.18 
1.60 
1.67 
2.  Ill 
3.63 
5.13 
6.50 
7.81 
9.1i2 
9.98 
111. 5 
22.1 


G(Hydrogen) 


1.2U 

1.2U 

1.26 

1.28 

1.33 

1.29 

1.29 

1-28 

1.27 

1.29 

1.28 
1.21* 

1.27 

1.28 
1.28 
1.28 
1,28 

1.30 
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TABLE  III. 3 


Cyclohexane  Yields  from  Cyclohexene,  as  a  Function  of  Dose 

10 

Dose  rate  range  =  8.i|£  -  8.60x  10  ev/g  hour. 


DOSE  x  10-19 

ev/g 

U.9U 

7.90 

9.60 

13.8 

1U.7 

17.1 

21.2 


G( Cyclohexane) 


1.03 

0.90 

0.9S 

0.92 

0.93 

0.88 

1.06 
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The  yields  of  2,2'-dicyclohexenyl,  cyclohexylcyclohexene 
and  dicyclohexyl,  shown  graphically  in  Figure  III.l,  appear  to  have 
decreased  slightly  with  increasing  dose.  These  results  are  given 
in  Table  111.1*.  Also  given  in  Table  III.l*  and  Figure  III.l,  are  the 
G-values  for  the  unidentified  dimer  D-l  .  The  yield  of  this  product 
was  independent  of  dose. 

The  total  dimer  yield  was  determined  in  two  ways.  One  value 
was  obtained  by  summation  of  the  individual  dimer  peaks  separated  by 
the  silica-gel  column.  An  independent  measurement  was  obtained  using 
the  silicone  rubber  column.  The  two  sets  of  values  for  G( total  dimer) 
thus  obtained  did  not  agree,  silicone  rubber  giving  a  higher  value 
(see  Table  III. 5)  Since  there  was  no  basis  for  discriminating  between 
these  values,  they  were  averaged.  It  is  these  average  values  that  are 
plotted  in  Figure  III.1A.  A  slight  decrease  in  G( total  dimer)  with 
increasing  dose  was  observed. 

Polymer  yields  are  presented  in  Table  III. 6  and  Figure  III. 2. 
Because  the  method  of  polymer  determination  was  not  sufficiently  accurate, 
it  was  not  possible  to  draw  any  conclusion  about  dose  dependence. 


(b)  Minor  Products 

Certain  compounds  that  came  under  consideration  as  products  or 
possible  products  are  presented  in  Table  III. 7  with  their  estimated 
G-values.  The  dose  used  in  each  case  is  also  listed. 
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TABLE  III.li 


Dimer  Yields  from  Cyclohexene,  as  a  Function  of  Dose  (Silica-Gel  Column) 


Dose  rate  range 


8.1*5  -  8.75  x  10 


18 


ev/g  hour. 


DOSE  x  10“19 

ev/g 

G(2,2 '-DLcyclo- 
hexenyl) 

G(Dicyclo- 

hexyl) 

G( Cyclohexyl- 
cyclohexene) 

G(D-l) 

U.9U 

1.50 

0.26 

0.59 

0.25 

4.95 

2.10 

0.30 

0.68 

0.17 

6.20 

2.05 

0.15 

0.71 

0.16 

7.57 

1.83 

0.23 

0.59 

0.2li 

8.90 

1.87 

0.23 

0.65 

0.20 

9.60 

1.95 

0.21 

0.57 

0.25 

10.6 

1.99 

0.17 

0.57 

0.16 

12.6 

1.98 

0.17 

0.59 

0.13 

12.8 

1.93 

0.17 

0.61 

0.20 

13.8 

1.70 

0.20 

0.50 

0.32 

111.  8 

1.95 

0.22 

0.50 

0*23 

17.1 

1.69 

0.22 

o,56 

0.24 

21.2 

2.00 

0.19 

o.56 

0.24 

- 
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TABLE  III.  5 


Total  DLraer  Yields* 


from  Cyclohexene, 


as  a  Function  of  Dose 


Dose  rate  range  =  8.1*5  -  8.75  *  10J 


V  /  £> 


-19 

DOSE  x  10 

G( Total  Dimer) 

ev/g 

Silicone  Rubber 
Column 

Silica-Gel 

Column 

Average 

I+.9U 

3-58 

2.60 

3.09 

4.95 

3.67 

3.25 

3.1*6 

6.20 

3.U8 

3.07 

3.28 

7.57 

3.63 

2.89 

3.26 

7.90 

3.67 

8.90 

3.1*9 

2.95 

3.22 

9.60 

3.61 

2.96 

3.28 

10.5 

3.36 

10.6 

3»UU 

2.89 

3.16 

12.6 

3.37 

2.87 

3.12 

12.8 

3.1*1 

2.91 

3.16 

13.8 

3.20 

2.72 

2.96 

1U.8 

3-1*8 

2.79 

3.11* 

17.1 

3.1*5 

2.71 

3.08 

21.2 

3.36 

2.99 

3.18 

*  The  unidentified  product,  D-l,  is  included  in  the  totals. 


V". .  s 
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TABLE  III. 6 


Polymer  Yields  (Excluding  Dimer)  from  Cyclohexene,  as  a  Function  of  Dose 


X  3 

Dose  rate  s  7,6  x  10x  ev/g  hour. 


DOSE  x  10 


-20 


ev/g 


G( Polymer) 


2.60 

2.5 

5.98 

l.U 

6.50 

U.i 

8.20 

1.6 

10.3 


2.0 
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TABLE  III  >7 


G-Values  for  Minor  Products  Formed  in  the  Irradiation  of  Pure  Cyclohexene 


PRODUCT 

G- VALUE 

DOSE  x  10 

ev/g 

1 ,U-cyclohexadiene 

~0.05 

73 

1* 3-cyclohex adiene 

•<0-10 

23 

Benzene 

*0.05 

23 

1,5-hexadiene 

~0.02 

21.2 

Unidentified  C^- hydrocarbon 

-0.03 

21.2 

Methane 

-0.0013 

38 
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FIGURE  III. 2 


Polymer  Yield  from  Cyclohexene 


O  Polymer, excluding  dimers. 
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Benzene  and  1,3-cyclohexadiene  were  not  detected  at  the 
dose  used,  so  the  detection  limits  for  these  compounds  using  the 
3,3,-oxydipropionitrile  column,  have  been  given. 

l,U-cyclohexadiene  was  not  detected  in  the  dose  dependence 
studies  because  of  its  small  yield.  At  a  dose  of  73  x  10^  ev/g, 
a  product,  with  the  correct  retention  time  on  3,3'-oxydipropionitrile 
for  l,U-c.yclohexadiene,  was  just  measurable. 

Methane  was  detected  in  the  product  fraction  not  condensible 
at  -196°C,  when  a  2  ml  sample  of  cyclohexene  was  irradiated  to  a  dose 
of  38  x  1019  ev/g  .  It  had  not  been  possible  to  detect  methane  at 
the  lower  doses.  Hydrogen  and  methane  were  separated  using  the 
activated  charcoal  column.  Calibration  factors  for  these  two 
compounds,  obtained  under  similar  conditions  by  Myron  (91  ),  were  used 
to  estimate  G(methane).  Two  minor  products  were  detected  at  an  absorbed 
dose  of  21.2  x  10^9  ev/g,  using  a  di-n-decyl  phthalate  column.  At  lower 
doses  the  yields  of  these  products  had  been  too  small  to  detect.  The 
retention  time  for  one  was  the  same  as  that  for  1,5-hexadiene.  The 
second  product  is  listed  in  Table  III. 7  as  ’’unidentified  hydrocarbon”. 
The  retention  time  for  this  product,  relative  to  cyclohexane  and  air, 
agreed  with  that  given  by  DeMarfc  (92  )  for  vinyl  cyclobutane.  Thus  if 
vinyl  cyclobutane  was  a  product,  its  yield  could  not  have  been  more  than 
G  =  0.03  . 

(c)  Major  Products  -  Dose  Rate  Dependence 

The  yields  of  hydrogen,  cyclohexane,  2,2'-dicyclohexenyl, 


- 
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cyclohexylcyclohexene  and  D-l,  were  measured  as  a  function  of  dose 

rate,  over  the  range  1.32  -  26£.0  x  10  ev/g  hour.  The  results 

are  given  in  Tables  III. 8,  III. 9  and  III. 10,  and  plotted  in  Figure  III. 3.  No 

appreciable  dose  rate  dependence  was  observed  for  any  of  these  products, 

over  the  range  studied. 

Since  the  values  for  G( total  dimer)  obtained  from  the  silica-gel 
and  silicone  rubber  columns  did  not  agree,  they  were  averaged.  The 
values  and  their  averages  are  presented  in  Table  III. 11.  The  average 
values  are  plotted  in  Figure  III.3*  No  dose  rate  dependence  was 
observed  for  total  dimer  production. 
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TABLE  III. 8 


Hydrogen  Yields  from  Cyclohexene,  as  a  Function  of  Dose  Rate 


Dose 


6.20  x  10^  ev/g. 


DOSE  RATE  x  lO”16 

ev/g  hour 

G(Hydrog 

1.33 

1.28 

2.80 

1.21* 

2.89 

1.25 

3.56 

1.26 

1.27 

11.0 

1.21* 

19.1 

1.29 

31.8 

1.29 

88.1 

1.25 

21*2 

1.28 
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TABLE  III. 9 


Cyclohexane  Yields  from  Cyclohexene,  as  a  Function  of  Dose  Rate 


Dose  range 


1.22  -  1.38  x  1020  ev/g. 


DOSE  RATE  x  10”17 
ev/g  hour 

1.32 

2.62 

2.77 

3.3U 

3*£0 

16.9 

26.7 

8U.7 

266 


G( Cyclohexane) 


1.16 

1.0U 

1.19 

0.98 

1.16 

0.93 

1.05 

0.91 

1.06 
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TABLE  III. 10 


Dimer  Yields  from  Cyclohexene,  as  a 

Function  of 

Dose  Rate  (Silica- 

•Gel  Column) 

Dose 

range  =  9.97  -  13.8  3 

c  10^  ev/g  , 

• 

DOSE  RATE  x  10“ 

ev/g  hour 

’17  G(2,2 '-Dicyclo- 

hexenyl) 

G(Di.cyclo- 

hexyl) 

G( Cyclohexyl- 
cyclohexene) 

G(D-l) 

1.32 

1.98 

0.20 

o.5i 

0.20 

2.77 

1.77 

0.22 

0.U7 

0,23 

2.81* 

1.85 

0.25 

0.59 

0.25 

3.50 

1.81* 

0.20 

0.1(7 

0.25 

t.kk 

1.82 

0.23 

0.56 

0.25 

10.8 

1.81 

0.21 

0.57 

0.23 

16.9 

1.7U 

0.23 

0.56 

0.26 

18.8 

2.15 

0.21 

0.63 

0.15 

26.7 

1.81 

0.21 

0.53 

0.23 

30.2 

2.10 

0.17 

0.66 

0.16 

81*. 7 

1.69 

0.20 

0.50 

0.32 

87.2 

2.00 

0.17 

0.57 

0.16 

26$ 

1.61 

0.21 

0.62 

0.2k 
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FIGURE  III, 3 

Product  Yields  Irom  Irradiated  Cyclohexene  -  Dose 

Rate  Dependence 
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TABLEHI.il 


Total  Rimer  Yields  from  Cyclohexene,  as  a  Function  of  Dose  Rate 


Dose  range 


9.97  -  13.8  x  1019  ev/g  . 


DOSE  RATE  x  10”17 

G( Total  Dimer) 

ev/g  hour 

Silicone  Rubber 
Column 

Silica-Gel 

Column 

Average 

1.32 

3.35 

2.89 

3.12 

2.77 

3.17 

2.69 

2.93 

2.8U 

3.U0 

2.91* 

3.17 

3.5o 

3.36 

2.76 

3.06 

5.1*U 

3.36 

2.86 

3.11 

10.8 

3.10 

2.82 

2.96 

16.9 

3.5U 

2.78 

3.16 

18.6 

3.56 

3.11* 

3.35 

26.7 

3.38 

2.78 

3.08 

30.2 

3.1*6 

3.09 

3.28 

8U.7 

3.20 

2.72 

2.96 

87.2 

3.UU 

2.90 

3.17 

26£ 

3.26 

2.68 

2.97 
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(B)  IRRADIATION  OF  CYCLOHEXENE  WITH  ADDITIVES 
(a)  Solutions  Irradiated 

Binary  solutions  of  cyclohexene  with  added  benzene, 

1,3-  and  l,U-cyclohexadiene  were  irradiated.  Variations  in  the 
product  yields  were  studied  as  a  function  of  the  electron  fraction 
of  additive,  £  •  The  electron  fraction  of  additive  is  defined  by 

ol 


E  W  +  E  W 
a  a  c  c 

where  E  and  E  give  the  number  of  moles  of  electrons  per  gram  of 
a  c 

additive  and  per  gram  of  cyclohexene  respectively.  W  and  W  are  the 

a  c 

respective  weights  of  additive  and  cyclohexene  in  the  mixture. 

The  additives  varied  widely  in  their  effects  on  the  various 
products.  A  comparison  of  these  effects  will  now  be  given. 

(b)  Product  Yields  -  Effect  of  Additives 

(l)  Hydrogen 

G( hydrogen)  values  for  the  solutions  of  l,U-cyclohexadiene  in 
cyclohexene  are  given  in  Table  III. 12,  for  the  benzene/cyclohexene 
solutions  in  Table  III. 13  and  for  the  1,3-cyclohexadiene/cyclohexene 
solutions  in  Table  III.lU.  The  results  are  compared  graphically  in 
Figure  III. If.  The  broken  lines  in  the  Figure  show  the  hydrogen  yields 
that  might  have  been  expected  if  there  had  been  no  interaction  between 
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the  components,  and  if  the  energy  absorption  by  each  component  in  a 
solution  were  proportional  to  the  electron  fraction  of  that 
component.  Thus  the  expected  yield  for  hydrogen,  G(H0)  is  defined 

u  6X 

by 


0(H)  =  G(H  )°£  ♦  G(H  )°£ 

2  ex  2  c  c  2  a  a 


o  o 

where  GCH^)^  and  G(Hg)a  are  the  hydrogen  yields  for  pure  cyclohexene 
and  for  pure  additive,  respectively,  and  £  and  6  are  the  electron 

C  Or 

fractions  for  the  respective  components. 


Inhibition  is  said  to  occur  if  the  line  obtained  by  plotting 

the  observed  G-values  of  a  product,  against  the  electron  fraction  of 

additive,  falls  below  the  line  described  by  G  for  that  product, 

where  G  for  any  product  is  defined  in  the  same  manner  as  G(H  )  is 
ex  2  ex 

defined  above. 


A  low  concentration  of  added  1,3-cyclohexadiene  in  cyclohexene 
caused  a  marked  decrease  in  the  hydrogen  yield  from  the  value  of 
G  =  1.28,  obtained  for  pure  cyclohexene.  At  high  concentrations  the 
rate  of  decrease  became  less  marked  and  a  value  of  GCH^)  *  0.235>  was 
obtained  for  pure  1,3-cyclohexadiene. 

Benzene  proved  to  be  a  less  effective  inhibitor  than 
l*3~cyclohexadiene  at  low  concentrations.  A  value  of  G(H^)  =  0.038  was 
obtained  for  pure  benzene. 

A  value  of  G(H^)  ■  1*19  was  obtained  for  pure  l,U-cyclohexadiene. 
The  hydrogen  yield  decreased  to  this  value  when  the  electron  fraction  of 
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FIGURE  III,U 

Hydrogen  Yields  -  Cyclohexene  Solutions 

Electron  fraction  of  additive 
G<H2>ex 

Hydrogen  yield  from  pure  cyclohexene 


Added  ljli-cyclohexadiene 

Added  benzene 

Added  1,3-cyclohexadiene 
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l,li-cyclohexadiene,  £  in  the  solution  was  increased  to 

1, 4-diene, 

about  0.10  .  The  yield  then  remained  constant  as  the  electron 
fraction  of  l,l*-cyclohexadiene  was  increased. 

(2)  Cyclohexane 

G(cyclohexane)  values  for  the  l,U-cyclohexadiene/cyclohexene 
solutions  are  given  in  Table  11.1$,  for  the  benzene/cyclohexene 
solutions  in  Table  III.16,  and  for  the  1,3-cyclohexadiene/cyclohexene 
solutions  in  Table  III. 17*  The  results  are  compared  graphically  in 
Figure  III.$.  The  broken  line  in  the  Figure  represents  G( cyclohexene) 

ex 

1,3-cyclohexadiene  inhibited  the  production  of  cyclohexane  even 
more  effectively  than  it  did  that  of  hydrogen.  G( cyclohexane)  decreased 
from  0.9$  to  0.11*  as  the  electron  fraction  of  1,3-cyclohexadiene, 

^1  3-diene*  was  increaseci  Trom  0  to  0.097  •  Benzene  inhibited  to  a 
small  degree  only,  having  about  the  same  effect  on  both  the  hydrogen  and 
cyclohexene  yields.  Cyclohexane  production  from  the  l,i|-cyclohexadiene/ 
cyclohexene  solutions  was  approximately  proportional  to  the  electron 
fraction  of  the  diene,  with  possibly  some  enhancement  of  the  yield  at  low 
diene  concentration.  No  cyclohexane  was  detected  in  the  radiolysis  of 
pure  benzene  or  of  pure  l,U-cyclohexadiene.  No  results  were  obtained  for 
pure  1,3-cyclohexadiene  radiolysis,  due  to  its  reactivity  in  the  presence 
of  air.  However  it  can  be  seen  from  Figure  III.$  that  the  yield  of 

cyclohexane  was  tending  to  zero  as  „  ..  approached  1.0  . 

1,3-diene 
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FIGURE  III.  5 


Cyclohexane  Yields  -  Cyclohexene  Solutions 

Electron  fraction  of  additive 
G(cyclohexane) 

ex 

Cyclohexane  yield  from  pure  cyclohexene 


Added  l,l±-cyclohexadiene 
Added  benzene 


Added  1,3-cyclohexadiene 
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(3)  Dimers  -  Individual  Yields 

The  G-values  for  the  dimers  produced  from  the 
.,14-c.yclohexadiene/cyclohexene  solutions  are  given  in  Table  III.18, 
rom  the  benzene/cyclohexene  solutions  in  Table  III .16,  and  from  the 
,3-cyclohexadiene/cyclohexene  solutions  in  Table  III. 17 . 

The  results  for  2,2 '-dicyclohexenyl,  cyclohexylcyclohexene, 
licyclohexyl  and  D-l  are  presented  graphically  in  Figures  III. 6,  7>  8 
ind  9  respectively.  The  broken  lines  represent  G  in  each  case. 
.j3-cyclohexadiene  had  the  most  marked  effect  on  the  production  of  these 
‘our  compounds.  Addition  of  0.2$  of  1,3-cyclohexadiene  to  pure  cyclohexene 
•educed  their  yields  by  approximately  20$  .  The  yield  of  dicyclohexadiene, 

1  product  which  was  not  formed  in  pure  cyclohexene,  had  increased  to 
r^il.Ii  for  such  a  0.2$  solution.  For  solutions  where  fe,  «  was  more 

-L  y 

han  0.002  it  was  no  longer  possible  to  resolve  and  identify  the  individual 

limers,  using  the  silica-gel  column.  Dicyclohexadiene  was  separated  from 

he  other  dimers  by  the  silicone  rubber  column,  however,  for  £  up 

1,3-diene 

>0  0.29  ♦  The  yields  for  this  product  are  shown  in  Figure  III.10A,  and  it  can 

»e  seen  that  the  yield  increase  to  a  maximum  of  G  =  6,3  at  7^0.0$  . 

1,3- diene 

he  yield  then  decreased  for  higher  concentrations  of  1,3-cyclohexadiene, 

‘eaching  a  value  of  G  =  3«3  at  (  -  0.29  . 

vl,3~diene 

The  combined  yields  of  the  dicyclic  dimers  are  given  in  Figure  10. B. 
it  can  be  seen  that  the  curve  must  be  a  composite  of  the  ncyclohexene  type'1 
limers,  which  are  decreasing  with  increasing  1,3-cyclohexadiene  concentration, 
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FIGURE  III >6 

2t2l~Dicyclohexenyl  Yields  -  Cyclohexene  Solutions 

Electron  fraction  of  additive 

^  o. 

-  G(2,2*-dicyclohexenyl) 

ex 

$  2,2,-tti.cyclohexenyl  yield  from  pure  cyclohexene 

O  Added  l,U-cyclohexadiene 

□  Added  benzene 


O 


Added  l>3-cyclohexadiene 
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FIGURE  III  ,7 

3~C,yclohex,ylcyclohexene  Yields  -  Cyclohexene  Solutions 


Electron  fraction  of  additive 
G(3“C,yclohexylcyclohexene) 

ex 

3-Cyclohexylcyclohexene  yield  from  pure 
cyclohexene 


© 

Added 

□ 

Added 

o 

Added 

ljU-cyclohexadiene 

benzene 

1,3-cyclohexadiene 


€a  x  10 
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FIGURE  III, 8 

Dicyclohexyl  Yields  -  Cyclohexene  Solutions 

C  Electron  fraction  of  additive 

<x 

_  G( Dicyclohexyl) 

6X 

•  Dicyclohexyl  yield  from  pure  cyclohexene 

O  Added  l,U~cyclohexadiene 

□  Added  benzene 


O 


Added  1,3-cyclohexadiene 


FIGURE  III.  9 


D-l  Yields  -  Cyclohexene  Solutions 

Electron  fraction  of  additive 
G(D-l) 

ex 

D-l  yield  from  pure  cyclohexene 


Added  1,4-cyclohexadiene 

Added  benzene 

Added  1,3-cyclohexadiene 
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FIGURE  III >10 

Product  Yields  from  1» 3- Cyclohexadiene/ Cyclohexene  Solutions 

6  a  Electron  fraction  of  1,3-cyclohexadiene 

A 

□  Dicyclohexadiene 

O  Benzene  yield 

B 

•  Total  dimer  yield  from  pure  cyclohexene 

O  Total  dicyclic  dimer  yield  (i.e.  Dimers  that 

give  dicyclohexyl  on  hydrogenation) 


0  2  4  6  8  10 


ea  x  io 
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and  dimers  from  the  l,3**cyclohexadiene  system,  which  are  increasing  with 
increasing  1,3-cyclohexadiene  concentration* 

Benzene  inhibited  the  production  of  2,2 1 -dicyclohexenyl, 
cyclohexylcyclohexene,  dicyclohexyl  and  D-l  to  a  small  extent.  The 
yields  of  these  products  decreased  to  zero  for  pure  benzene. 

Added  l,ii-cyclohexadiene  had  approximately  the  same  effect  as 

benzene  on  the  yields  of  cyclohexylcyclohexene  and  dicyclohexyl.  The 

production  of  D-l  of  2,2 '-dicyclohexenyl  was  inhibited  more  effectively. 

Two  new  G  -hydrocarbon  products,  D-2  and  D-3  (see  page  86),  not  present 
1 2 

in  irradiated  cyclohexene,  appeared  at  low  l,U-cyclohexadiene  concentration 

(see  Figure  III. 113).  The  yield  of  D-2,  tentatively  identified  as 

c.yclohexenylcyclohexadiene,  increased  to  a  maximum  of  G  ^0.1*6  for  a 
solution  with  £  .  ~;0,2$,  and  then  decreased  to  approximately 

1  y  L\.  ~  (XL  63  1*1  6 

G  =  0.3$  for  the  pure  1,^-diene.  The  yield  of  D-3,  tentatively  identified 
as  dicyclohexadienyl,  increased  rapidly  to  G  =  0.U  as  Ci  j^-diene  was 
increased  to  0.10,  and  gave  a  yield  of  G  =  0.$b  for  the  pure  1, Ip-diene, 
Biphenyl  was  not  produced  in  sufficient  yield  to  be  detectable  using  the 
silica-gel  column,  i.e.  G  <0.0$  . 
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FIGURE  III. 11 


Product  Yields  from  l«li-Cyclohexadiene/Cyclohexene  Solutions 


€ 


Q_ 


Electron  fraction  of  l,U-cyclohexadiene 


(A) 


O  1,3-cyclohexadiene 


(B) 


O  D-2  (cyclohexenylcyclohexadiene?) 

□  D-3  (dicyclohexadienyl  ?) 


G  x  10 


4  6 

£a  x  10 
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(U)  Dimers  -  Total  Yields 

G( total  dimer)  values  for  the  l,l|.-cyclohexadiene/cyclohexene 
solutions  are  given  in  Table  III. 18,  for  the  benzene/cyclohexene 
solutions  in  Table  III .16  and  for  the  1,3-c.yclohexadiene/cyclohexene 
solutions  in  Table  III. 17. 

Since  the  values  for  G( total  dimer),  obtained  using  the  silica-gel 
and  the  silicone  rubber  columns  did  not  agree  for  any  of  the  three  solutions, 
the  two  values  were  averaged  in  every  case.  The  average  values  for  each 
solution  are  plotted  in  Figure  III. 12  . 

The  total  dimer  yield  from  the  l,U-cyclohexadiene/cyclohexene 

solutions  was  decreased  by  about  23%,  from  G  »  3*19  to  G  =  2.1;6,  as 
£  1  ^  dj_ene  was  changed  from  0  to  0.103  .  For  higher  concentrations  of  the 
l,U“diene  the  yield  decreased  only  slightly,  to  a  value  of  G  =  2.1  for  pure 
1 ,  ii-  c  y  c  lohexadi  ene . 

The  total  dimer  production  from  the  benzene/cyclohexene  solutions 
followed  the  slight  inhibition  described  for  the  individual  dimers,  since 
the  total  dimer  yield  from  pure  benzene  is  only  G  =  O.lli  . 

The  total  C^-hydrocarbon  yield  increased  from  G  =  3*19  to 

a  maxium  of  G«7.£  for  a  change  of  6^  3-diene  from  °  0,10  *  The 

yield  then  decreased  slowly  to  a  value  of  Gw 6.3,  as  the  concentration  of 
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FIGURE  III. 12 

Total  Dimer  Yields  -  Cyclohexene  Solutions 


Electron  fraction  of  additive 

Total  dimer  yield  from  pure  cyclohexene 

O 

Added  l,li-cyclohexadiene 

□ 

Added  benzene 

o 

Added  1,3-cyclohexadiene 

Contribution  of  dicyclohexadiene  to  the  total  dimer 

yield  from  the  l,3”Cyclohexadiene/cyclohexene  solutions. 

Contribution  of  other  dimers  to  the  total  dimer  yield 

from  the  1,3-cyclohexadiene/cyclohexene  solutions. 

10 


T 


£a  x  10 
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l,3**cyclohexadiene  was  further  increased.  The  contribution  of 
dicyclohexadiene  to  this  yield  is  shown  by  the  broken  line  in 
Figure  III. 12.  No  results  were  obtained  for  pure  1,3-cyclohexadiene 
because  rapid  and  complex  product  formation  in  this  material,  in  the 
presence  of  air,  rendered  the  analysis  valueless. 

Total  dimer  production  from  a  10$  1,3-cyclohexadiene  in 
cyclohexene  solution  was  studied  as  a  function  of  dose  rate.  The 
results  are  given  in  Table  III. 19  and  the  average  values  plotted  in 
Figure  III. 13.  A  slight  increase  in  G( total  dimer)  with  decreasing 
dose  rate  is  observed. 


(5)  Polymer 

The  values  for  G(polymer)  from  the  l,li-cyclohexadiene/cyclohexene 
solutions  are  given  in  Table  III. 20,  from  the  benzene/cyclohexene 
solutions  in  Table  III. 21,  and  from  the  1,3-cyclohexadiene/cyclohexene 
solutions  in  Table  III. 22.  Yields  from  the  three  solutions  are  compared 
in  Figure  III.lU.  G(polymer)  from  l,lr-cyclohexadiene  was  of  the  same 
order  as  that  for  cyclohexene.  Benzene  cause  a  reduction  in  polymer 
formation. 

The  method  of  analysis  could  not  give  an  accurate  determination 
of  such  low  yields.  Added  1,3-cyclohexadiene  induced  a  rapid  increase  in 
the  polymer  yield,  particularly  at  very  low  and  very  high  concentrations. 
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TABLE  III .19 


Total  Dimer  Yield  from  a  1.3-Cyclohexadiene/Cyclohexene  Solution, 

as  a  Function  of  Dose  Rate 


Electron  fraction  of  1,3-cyclohexadiene  =  0*097  • 
Dose  range  *  1.59  -  1.72  x  Kr  ev/g  . 


DOSE  RATE  x  10 


-17 


G( Total  Dimer) 


ev/g  hour 


238 

75.2 


Silicone  Rubber 

Silica-Gel 

Average 

Column 

Column 

8.52 

7.30 

7.91 

8.39 

7.31 

7.85 

9.25 

8.85 

9.05 

3.13 
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FIGURE  111,13 


Total  Dimer  Yield  from  a  1,3-Cyclohexadiene/ Cyclohexene 

Solution  -  Dose  Rate  Dependence 


Electron  fraction  of  1,3-cyclohexadiene 
was  0*097  . 


Polymer  Yields  (Excluding  Dimers)  from  1 ,U-Cyclohexadiene/ Cyclohexene  Solutions 
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FIGURE  III ,  lli 

Polymer  Yields  (Excluding  Dimer)  -  Cyclohexene  Solutions 

£a  Electron  fraction  of  additive 

P  Polymer  yield  from  pure  cyclohexene 

O  Added  1,14-cyclohexadiene 

□  Added  benzene 

O  Added  1,3-cyclohexadiene 

♦  Added  1, 3-cyc lohexadiene, with  oxygen 

correction  (see  footnote  on  page  135  ) 
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Two  plots  are  given  for  the  polymer  yields  from  the  solutions  of 
l>3-cyclohexadiene  in  cyclohexene,  for  the  reason  given  in  the 
footnote  to  Table  III. 22. 

(6)  1 , 3-Cyclohexadiene 

1,3-cyclohexadiene  yields  from  the  l,U-cyclohexadiene/cyclohexene 
solutions  are  presented  in  Table  111.1$  and  Figure  III. 11  A.  The 

1,3-diene  and  cyclohexene  are  poorly  resolved  by  the  3 >3 1 -oxydipropionitrile , 
so  there  is  a  considerable  scatter  in  the  results.  A  value  of  G  =  0.$$ 
was  obtained  for  the  yield  from  pure  l,U-cyclohexadiene. 

The  disappearance  of  1,3-cyclohexadiene  from  the  solutions  of 
l53-cyclohexadiene  in  cyclohexene  was  measured  at  low  diene  concentration, 
and  the  results  are  given  in  Table  III. 23  and  Figure  111.1$.  The  rate  of 
disappearance  increased  rapidly  with  increasing  diene  concentration  to  a 

value  of  G(~  1,3-cyclohexadiene)  =  lh»7  for  a  mixture  with  €  ■  0,0202  . 

1,3-diene 

Accurate  measurements  of  the  diene  loss  could  not  be  made  for  higher 
concentrations  of  the  1,3-diene  in  cyclohexene,  but  the  rapid  increase  in 
polymer  formation,  with  increasing  diene  content  (see  Figure  Ill.lii), 
indicated  that  G(—  1,3-cyclohexadiene)  must  also  be  increasing  rapidly, 

(7)  1 ,U-Cyclohexadiene 

No  1,4-cyclohexadiene  production  was  detected  in  the  radiolysis 
of  the  1,3-cyclohexadiene/cyclohexene  solutions,  at  the  dose  used. 

l,U-cyclohexadiene  disappearance  from  the  l,U-cyclohexadiene/cyclohexene 
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figure  mas 


Additive  Disappearance  from  Cyclohexene  Solutions 


Electron  fraction  of  additive 


O  Added  l,U-cyclohexadiene 

O  Added  1,3-cyclohexadiene 
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solutions  was  measured  at  low  diene  concentrations  and  the  results 
are  given  in  Table  III. 23  and  Figure  III .15 .  It  can  be  seen  from 
the  Figure  that  the  l,l*-diene  is  considerably  less  reactive  than  the 

1.3- diene  in  this  system. 

(8)  Benzene 

Benzene  yields  from  the  solutions  of  1,3-cyclohexadiene  in 

cyclohexene  are  presented  in  Table  III. 17,  and  Figure  III.10A. 

G(benzene)  increased  (from  G<  0.Q5  for  pure  cyclohexene)  with  the 

addition  of  1,3-cyclohexadiene  up  to  6  .  =  0.3  .  For  higher 

1,3-diene 

concentrations  of  the  1,3-diene, the  benzene  yield  appeared  to  be 
levelling  off  at  G  =  0.7  . 

Benzene  formation  occurred  in  the  l,U-cyclohexadiene/cyclohexene 
solutions  as  soon  as  they  were  opened  to  the  air,  so  satisfactory 
determinations  of  G(benzene)  were  not  obtained.  A  value  for  G(benzene)  =  0,9 
was  obtained  for  the  radiolysis  of  a  specially  purified  sample  of 
l,l*-cyclohexadiene,  by  analyzing  for  this  product  immediately  after 
the  sample  was  opened. 

At  a  concentration  of  benzene  in  cyclohexene  that  was  high  enough 
to  cause  reasonable  changes  in  the  cyclohexene  product  yields,  G(— •  benzene) 
was  not  measurable.  The  much  higher  rate  of  disappearance  of 

1.3- cyclohexadiene  from  1,3-diene/cyclohexene  solutions  had  been  barely 
measurable  at  a  diene  concentration  equal  to  the  lowest  concentration  of 


benzene  used. 
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(9)  Cyclohexene 

Since  no  results  were  obtained  from  the  radiolysis  of  pure 

1.3- cyclohexadiene,  no  G-value  for  cyclohexene  was  obtained  for  the 

1.3-  diene o 

No  direct  measurement  of  G(cyclohexene)  was  obtained  for  the 
radiolysis  of  pure  l,l|.”Cyclohexadiene.  A  G-value  for  combined 
cyclohexene  and  1,3-cyclohexadiene  of  1.8  was  obtained,  using  the 
di-n-decyl  phthalate  column.  Subtraction  of  the  1,3-cyclohexadiene 
yield  of  G^0.6,  obtained  using  the  3,3 ’-oxydipropionitrile  column, 
resulted  in  a  value  of  G( cyclohexene)  »1.2  . 
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(C)  IRRADIATION  OF  "PURE»  CYCLOHEXENE-cL^ 

The  deuterated  cyclohexene  used  in  this  radiolysis  contained 
9*9%  c-C^D^H  as  the  main  impurity.  A  dose  of  12.6  x  10  ev/g  was 
absorbed.  The  measured  product  yields  are  given  in  column  1  of 
Table  III.21*.  The  corresponding  values  for  the  light  cyclohexene 
radiolysis,  at  the  same  dose,  are  given  in  column  3  for  comparison. 

The  yields  of  heavy  hydrogen  (G  «  0,65),  cyclohexane  (G  *  0,66) 
and  2,2'-dicyclohexenyl  (G  =  1.36),  from  the  deuterated  cyclohexene, 
were  less  than  those  of  their  light  counterparts  from  irradiated  light 
cyclohexene.  The  yields  of  heavy  dicyclohexyl  (G  =  0.1*7), 
cyclohexylcyclohexene  (G  =  0.66)  and  D-l  (G  *  0.32)  were  greater  than 
those  of  the  corresponding  light  compounds. 
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(D)  IRRADIATION  OF  CYCLOHEXENE- d  WITH  ADDED 


1,3-CYCLOHEXADIENE 


The  electron  fraction  of  added  1,3-cyclohexadiene  was  0.0013  . 
The  cyclohexene-d^  used  in  this  radiolysis  contained  9.6$  q-C^D^H  . 

A  dose  of  ll*.2  x  10^  ev/g  was  absorbed.  The  product  yields  are  given 
in  column  2  of  Table  111.21*.  The  corresponding  values  for  a 
1,3-cyclohexadiene/cyclohexene  solution  of  the  same  constitution  are 
given  in  column  1*  for  comparison. 


The  addition  of  this  concentration  of  1,3-cyclohexadiene  to 
cyclohexene-d^Q  reduced  the  yields  of  2,2 '-dicyclohexenyl, 
cyclohexylcyclohexene  and  dicyclohexyl  by  about  the  same  degree  that 
the  yields  of  their  hydrogenated  counterparts  were  reduced  by  addition 
of  the  1,3-diene  to  light  cyclohexene.  The  cyclohexane  yield  seemed 
to  be  reduced  more  effectively  in  the  cyclohexene-d^  solution  than  it 
had  been  in  the  corresponding  light  cyclohexene  solution,  however.  The 
yield  of  dicyclohexadiene  was  greater  from  the  cyclohexene-d^  solution. 
The  rate  of  1,3-cyclohexadiene  disappearance  was  much  higher  from  the 
cyclohexene-d^Q  solution.  The  polymer  yield  from  the  cyclohexene-d^Q 


solution  was  not  measured. 
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(E)  H  ,  HD  AND  D  YIELDS  FROM  CYCLOHEXENE-d  , 
2  2  10 

WITH  ADDITIVES 


Binary  solutions  of  cyclohexene-d^  with  added  l,lr-cyclohexadiene, 

benzene  and  1,3-cyclohexadiene  were  irradiated.  Also  a  £0/£0  solution  of 

heavy  and  light  cyclohexene  was  irradiated  with,  and  without,  added 

1,3-cyclohexadiene.  Variations  in  the  yields  of  H^,  HD  and  D^  were 

studied  as  a  function  of  the  electron  fraction  of  the  additives,  £ 

’  a 

The  product  fraction  not  condensible  at  -196°C  was  considered  to  be 

H2 ,  HD  and  D^  only  »  A  portion  of  the  gas  collected  in  the  McCleod-Toepler 

gauge  was  analyzed  by  the  mass-spectrometer  in  order  to  determine  the 

H0  :  HD  :  D  ratio.  The  results  are  given  in  Table  III.2!?.  The  total 
1  2 

yields  i.e*  G(H  +  HD  +  D  )  values  are  compared,  in  Figure  III.16,  with 

2  2 

the  hydrogen  yields  from  the  corresponding  mixtures  with  light  cyclohexene. 
The  hydrogen  yields  from  the  cyclohexene  solutions  are  represented  by  the 
dash-dot  lines.  These  lines  are  reproductions  of  the  curves  given  in 
Figure  For  all  the  solutions  radiolyzed  the  yield  of  hydrogen  was 
reduced  by  the  substitution  of  cyclohexene-d^  for  cyclohexene.  The 
degree  of  inhibition  due  to  a  given  additive  was,  however,  similar  for 
both  light  and  heavy  cyclohexene  solutions.  The  lines  representing 
G(hydrogen)  were  left  out  of  Figure  III*l6  for  clarity. 
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FIGURE  111,16 

Hydrogen  lields  -  Cyclohexene-d^Q  Solutions 


Electron  fraction  of  additive 

•  Hydrogen  yield  from  pure  cyclohexene 

-  Corresponding  hydrogen  yields  from  light 

cyclohexene  solutions 


Added  l,U-cyclohexadiene 


O 

o 


l>3-cyclohexadiene  added  to  cyclohexene-d^^ 
l>3-cyclohexadiene  added  to  a  $0/50  solution 
of  cyclohexene  and  cyclohexene- *  *10 


Added  benzene 


01  xO 
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(F)  APPEARANCE  POTENTIALS 

Appearance  potentials  were  determined  for  singly  ionized 
cyclohexene,  cyclohexene-d^,  benzene,  l,li-cyclohexadiene  and 
1,3-cyclohexadiene.  The  full  experimental  results  obtained  for 
these  ions  are  given  in  Tables  111.26,  III. 27,  III. 28,  III. 29  and 
III. 30,  respectively.  In  each  case  the  corresponding  results  obtained 
for  singly  ionized  xenon,  the  internal  standard,  are  included.  The 
results  are  plotted  in  Figures  III. 17,  III.18,  III. 19,  III. 20  and  III. 21, 
respectively,  in  accordance  with  the  method  described  by  Lossing  et  al  ( 90  ) . 


The  values  obtained  for  the  appearance  potentials  of  these  five 
ions  are  summarized  in  Table  III. 31.  (Cyclohexene)4,  (cyclohexene-d^)4 
and  (l,U-cyclohexadiene)4  had  the  same  value  of  9*2  volts,  within 
experimental  error.  The  results  obtained  in  the  determination  of  these 
three  potentials  gave  two  parallel  straight  lines  near  the  threshold 
voltage  in  each  of  Figures  III. 17,  III. 18  and  III. 20.  It  is  necessary 
that  such  parallel  straight  lines  shall  be  obtained^if  reliable  results 
are  to  be  obtained  by  this  method.  It  can  be  seen  from  Figures  III. 19  and 
III. 21,  that  the  results  obtained  in  the  determination  of  the  (benzene)4  and 
(1,3-cyclohexadiene) 4  appearance  potentials,  did  not  give  rise  to  parallel 
straight  lines.  Thus  the  results  for  these  two  compounds  must  be 
considered  less  reliable  than  those  for  (cyclohexene)  ,  (cyclohexene-d^)4 
and  (l,l±-cyclohexadiene)4.  There  seems  little  doubt  however,  that,  under 
the  experimental  conditions  used,  (benzene)4  had  a  higher,  (9.9  V),  and 
(1,3-cyclohexadiene)4  a  lower,  (8.7  V)  appearance  potential  than(cyclohexene)* 
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FIGURE  III. 17 


Appearance  Potential  Data  for  Cyclohexene 


O  Cyclohexene 

□  Xenon 


VOLTS 
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FIGURE  III. 18 


Appearance  Potential  Data  for  Cyclohexene-d^0 


O  Cyclohexene-d^ 
□  Xenon 


c-C6D,0  SCALE  7  8  9  10  11 

XENON  SCALE  10  11  12  13 
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FIGURE  III. 19 


Appearance  Potential  Data  for  Benzene 


O  Benzene 

□  Xenon 


LOG  [%  OF  PEAK  AT  60  V  ] 


VOLTS 


-  l£8  - 


FIGURE  III. 20 


Appearance  Potential  Data  for  ltU-C,yclohexadiene 


O  l,U-cyclohexadiene 


□ 


Xenon 


VOLTS 
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FIGURE  III. 21 


Appearance  Potential  Data  for  1,3-Cyclohexadiene 


O  1,3-cyclohexadiene 

□  Xenon 


LOG  [%  OF  PEAK  AT  60  V  ] 


XENON  SCALE  10  11  12  13 


VOLTS 
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TABLE  III. 31 

Appearance  Potentials  for  Cyclohexene,  Cyclohexene-d.^ ,  Benzene, 
l,U-Cyclohexadiene  and  1,3-Cyclohexadiene 


Appearance  potential  for  Xe  =  12.127 


ION 

APPEARANCE  POTENTIAL 

VOLTS 

(benzene)4"  9.9  +  0,3 


( cyclohexene )+ 

9.2  +  0.2 

( cyclohexene-d^Q) + 

9.2  +  0.2 

( 1 , U-cy clohexadi ene ) + 

9.2  +  0.2 

(l,3-cyclohexadiene)+ 

8.7  t  °'3 

SECTION  IV  -  DISCUSSION 
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SECTION  IV  -  DISCUSSION 


In  part  (A)  of  this  discussion  mechanistic  conclusions 
that  can  be  drawn  with  confidence  from  the  experimental  data 
will  be  reviewed.  In  part  (B)  mechanisms  that  are  consistent 
with  the  experimental  data  will  be  presented  and  their 
feasibility  discussed.  In  part  (C)  the  effect?  of  additives  on 
the  cyclohexene  radiolytic  system  will  be  discussed.  Overall 
conclusions  will  be  presented  in  section  (D). 
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(A) 

(1) 


MECHANISTIC  CONCLUSIONS  DRAWN  /ROM 


THE  EXPERIMENTAL  DATA 


2,2>-Dicyclohexenyl  is  Formed  Almost  Exclusively  by  Radical-Radical 
Combination 


2,2'-Dicyclohexenyl  is  the  principal  dimeric  product  of  the  free 
radical  induced  reaction  of  cyclohexene  (8l).  The  reaction  intermediate 
is  the  resonance  stabilized  2-cyclohexenyl  radical,  shown  below. 


Resonance  stabilized  radicals  of  this  type  are  characteristic 
intermediates  in  the  free  radical  dimerization  of  any  olefins  that  have  a 
hydrogen  atom  in  the  position.  Por  example,  in  the  free  radical 
dimerization  of  1-octene  (66)  the  intermediate  is 

CH-fCH  4-CH^CH^CH 

3  \  2/U  2 

Evidence  for  the  presence  of  the  2-cyclohexenyl  radical  in  the 
liquid  cyclohexene  radiolytic  system  is  as  follows.  This  radical  species 
has  been  detected  by  E.S.R.  spectrometry  in  cyclohexene  under  the  influence 
of  radiation  (32).  The  predominant  dimeric  product  in  the  radiolysis  of 
liquid  cyclohexene  was  2,2 ’-dicyclohexenyl  of  the  total  dimer  yield), 

and  it  was  the  only  di-olefinic  dimer  formed.  The  only  mono-olefinic  dimer 
formed  was  3-cyclohexylcyclohexene,  which  can  be  formed  by  combination  of  a 


I  I^fl 
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2-cyclohexenyl  radical  and  a  cyclohexyl  radical. 

Thus  a  most  probable  mechanism  for  the  formation  of  2,2'-dicyclohexenyl 
is  that  given  in  step  IV. 1. 


Other  processes  for  the  formation  of  this  dimeric  product  were 
considered  and  found  to  be  unsatisfactory.  Some  of  these  will  be  discussed 
below. 


Processes  involving  cyclohexenyl  radical  addition  to  cyclohexene 
were  tried  (Step  IV. 2).  The  second  step  in  the  process  must  be  radical- radical 
disproportionation,  as  shown  in  IV, 3,  if  a  di-olefin  is  to  result. 


*  Ohnishi  and  Nitta  (32)  detected  two  radicals  in  irradiated  cyclohexene. 

One  was  apparently  the  2-cyclohexenyl  radical.  The  other  was  not  identified 
but  presumably  could  have  been  the  cyclohexyl  radical. 
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Many  identities  for  R'  were  tried,  but  no  self-consistent  mechanism 
could  be  formulated  that  included  these  reactions,  and  at  the  same  time 
explain  the  experimental  results. 

No  reasonable  ionic  mechanism  could  be  formulated  to  explain 
production  of  2,2 '-dicyclohexenyl  that  did  not  include  the  formation  of 
2-cyclohexenyl  radicals,  which  then  reacted  to  give  the  dimer.  Kevan  and 
Libby  have  suggested  a  direct  ionic  dimerization  mechanism  for  n-hexane, 
radiolyzed  in  the  solid  phase  (93)  (9U).  This  was 

“-C6H1U+  +  - ‘  C12H26+  *  “2  - 1 

The  intermediate  for  such  a  reaction  in  cyclohexene  would  be 


To  form  the  required  dimeric  product,  hydrogen  atoms  would  have  to  be 
eliminated  from  the  non-adjacent  3  and  3'  positions.  There  is  negligible 
overlap  between  the  hydrogen  orbital  in  a  3-position  on  the  molecule  and 
any  orbital  in  the  other  ring,  so  3uch  a  process  appears  most  improbable. 

A  far  more  likely  process  for  this  species  would  be  hydride  ion  transfer 
from  position  1  to  position  2’,  yielding  1-cyclohexylcyclohexene  on 
neutralization.  If  elimination  of  molecular  hydrogen  were  to  take  place  as 
a  result  of  the  energy  of  neutralization,  the  most  probable  dimeric  product 
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would  appear  to  be  the  conjugated  1,1 '-dicyclohexenyl. 

If  direct  dimerization  of  two  excited  molecules  was  to  occur, 
the  most  likely  product  would  again  be  the  1,1 '-dicyclohexenyl  as  shown 
by 


iv.  5 


where  *  denotes  an  excited  molecule. 


(2)  k^/kQ  for  Cyclohexenyl  Radicals  is  <0.1 


The  combined  yield  of  1,3-  and  1,1;- cyclohexadiene  was  <0.15  . 

Thus  if  it  were  correct  to  conclude  that  2,2 '-dicyclohexenyl  was  formed 
by  cyclohexenyl  radical  combination  only,  the  disproportionation/combination 
ratio  for  cyclohexenyl  radicals,  k  /k  , ,  must  be  <  0.1  . 

J-  V  •  (  JL  v  •  O 


*  The  observed  yields  of  1,3-  and  l,ir-cyclohexadiene  were  approximately  equal 
to  the  true  initial  yields  of  these  compounds,  since  cyclohexadiene  cor  sumption 
is  a  very  minor  process  at  low  concentration  of  these  dienes  present  in 
irradiated  pure  cyclohexene.  The  observed  values  for  G(l,3-cyclohexadiene)  and 
G(l, ^-cyclohexadiene)  were  <0.1  and  ^0.05  respectively.  Values  for 
cyclohexadiene  consumption,  obtained  by  extrapolation  (see  Figure  III)  are 
■~0.02  and  <0.02  for  G(-l,3-cyclohexadiene)  and 


(Continued  on  next  page) 
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2 


O 


O 


IV, 6 


O 


+ 


o 


IV.  7 


(3)  The  Yield  of  Molecular  Hydrogen  Formed  by  Direct  Elimination  from  an 

Excited  Cyclohexene  Molecule  must  be  G  <  0.25 

The  yield  of  the  cyclohexadiene  was  G  <0.15  and  of  benzene  <.0.0$  . 
Thus  the  yield  of  hydrogen  formed  in  processes  IV. 6  and  IV. 9  must  be 

G  <0.25 


c"C6H8  +  h2 


IV. 8 


c‘C6H6  *  2H2 


IV. 9 


where  *  denotes  an  excited  molecule. 


G(-l,l*-cyclohexadiene)  respectively,  for  the  highest  concentration  of  these 
dienes  that  could  possibly  be  present  in  irradiated  pure  cyclohexene. 


-  167  - 


(U)  Cyclohexane  Cannot  Arise  from  Radical  Disproportionation  Alone 

The  radical  reactions  concerned  are 


2 


♦ 


IV.  10 


♦ 


* 


+ 


IV. 12 


IV.  13 


IV.ll* 


The  observed  yield  of  cyclohexane  is  G  =  0.95,  of  dicyclohexyl  is  G  =  0.23 
and  of  3“Cyclohexylcyclohexene  is  G  =  0.6  . 


Since  the  combined  yields  of  1,3“  and  l,U-cyclohexadiene  are  <C0.15, 

the  yield  of  cyclohexane  from  step  IV. 12  cannot  be  more  than  this  value.  Thus 

the  ratio  k  /k  would  have  a  value  3*5  -  b»l  if  all  the  cyclohexane 

IV. 10  IV. 11 

and  dicyclohexyl  observed  were  produced  in  the  above  steps.  If  some  dicyclohexyl 
were  formed  in  a  different  way  then  value  of  this  ratio  would  be  still  higher. 
Values  for  k  /k  have  been  reported  as  1.31  -  1.U7  (95)  (ll),  so 

XV  *XU  XV  «xx 


-  168  - 


that  not  all  of  the  cyclohexane  produced  in  the  radiolysis  could  be 
formed  by  reactions  IV. 10  and  IV. 12. 


(5)  An  Ionic  Dimerization  Process  of  the  Type  Suggested  for  1-Hexene 

is  Absent 


The  absence  of  1-cyclohexylcyclohexene  as  a  product  indicates  that 
the  following  process  does  not  occur  to  any  appreciable  extent 


H" 


(i)  hydride  ion  transfer 
(ii)  neutralization 


V 


This  is  the  ionic  dimerization  process  suggested  for  the  1-hexene  (28)  and 
1-butene  (68)  radiolyses  (see  section  I  (B)  (c)(1)).  A  study  of  this 
process  using  Stuart-Briegleb  orbital  models  indicated  that  there  was  neglible 
overlap  at  the  ionic  site  for  an  H-atom  in  the  3-position , so  the  observed 
3-cyclohexylcyclohexene  is  not  an  expected  product  of  this  reaction. 


. 
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(6)  Any  Given  Radical  Species  Must  React  Either  Almost  Exclusively  by 

a  First  Order  or  Almost  Exclusively  by  a  Second  Order  Mechanism, 

Over  the  Dose  Rate  Range  Studied 


In  this  work  the  yields  of  products  from  cyclohexene  were  studied 

over  the  dose  rate  range  1.3  x  10^  -  2.6  x  lO^  ev/g  hour.  Burns  and 
Winter  have  reported  product  yields  for  dose  rates  of  1.2  x  10  ^  ev/g  hour 
(V-rays)  and  ^6  x  10*  ev/g  hour  (U  Mev  electrons)  (80).  The  G-values 
for  dicyclohexane,  3~cyclohexylcyclohexene  and  dicyclohexyl  are  given  as  a 
function  of  dose  rate  in  Figure  IV. 1.  No  marked  dose  rate  effect  is 
observable  for  the  products  over  the  dose  rate  range  covered  by  the  two 
laboratories.  The  difference  in  the  values  from  the  two  laboratories  in 
the  overlapping  dose  rate  region  appears  to  be  analytical  in  origin. 


The  absence  of  a  dose  rate  dependence  for  a  product  yield  means  that 
if  that  product  resulted  from  a  radical  reaction,  then  the  radical  reactant 
could  have  reacted  only  with  substrate  molecules  (i.e.  1st  order  reactions 
only)  or  only  with  other  radicals  (i.e,  2nd  order  reactions  only). 

For  example,  consider  the  following  competition 


♦ 


IV.  16 


* 


* 


IV. 17 


IV. 18 


+ 


If  reaction  IV. 16  and  one  or  both  of  reactions  IV. 17  and  IV. 18  occur  at  a 
similar  rate  in  a  given  dose  rate  region,  then  there  will  be  a  dose  rate 
dependence  in  the  yields  of  cyclohexane  and  dicyclohexyl  in  that  dose  rate 
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region.  This  is  shown  by  the  relationships  IV.  19  and  IV. 20 


G( cyclohexane) 
G( dicyclohexyl) 


B 


where  A  and  B  are  constants. 


IV.  19 


IV.  20 


Thus  the  relative  rates  of  cyclohexane  and  dicyclohexyl  formation  are 
dependent  on  the  concentration  of  cyclohexyl  radicals,  which  in  turn  is 
dependent  on  the  dose  rate. 


It  is  of  interest  to  determine  approximately  in  what  dose  rate 
region  this  dose  rate  dependence  might  be  expected  to  occur,  and  to  determine 
its  probable  character. 

(i)  Nature  of  the  Dose  Rate  Dependence 


Consider  the  following  reaction  scheme 


R* 


M 

+  M 


I 


R 

A  +  R' 


•  b-t  i 

2R  — RR 


k'  ' ' 
— » 


A  +  X 


IV. 21 
IV. 22 

IV. 23 


R« 


+  (R‘orR») 


i  )  y 

— — >  Produc  ts 


IV.  2h 
IV.  25 
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FIGURE  IV, 1 

G-V alues  as  a  Function  of  Dose  Rate  - 

Cyclohexene  System 


Bums  and  This  work 

Winter  (80)  _ 


□ 

o 

o 


Cyclohexane 

3- Cyclohexylcyclohexene 
ULcyclohexyl 


01  *  0 
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FIGURE  IV.  2 


Hypothetical  Dose  Rate  Dependence 


A,  RR  Stable  Products  -  see  calculation 


on  page  170 


I 


CM 


CO 


-=t 


o 


0 


Dose  Rate  (ev/g  hour) 
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Where  R*  and  R*  are  radicals.  RR,  X  and  A  are  stable  products,  M  is 
the  substrate  and  I  is  the  rate  of  formation  of  radical  R*  .  (IV. 21 
may  include  several  steps). 

Since  reactions  IV, 23  -  IV, 25  are  diffusion  controlled,  it 
follows  that  (k‘ 1  +  k,M)^k,v  .  If  we  assign  reasonable  values  for 

(k'  1  ♦  k,M),  k,v  ,  and  G(radicals),  then  it  is  possible  to 

determine  what  values  must  be  assumed  for  k'  in  order  that  there  shall  be 
no  dose  rate  dependence  for  G(A)  and  G(RR)  over  the  dose  rate  range 
1.3  x  1017  -  6  x  10^2  ev/g  hour,  (i.e,  the  range  covered  experimentally). 


First  a  value  of  k1  will  be  assigned  in  order  to  demonstrate  the 
dose  rate  effect,  k'  =  230  l/mole  sec  will  be  taken,  since  this  is  the 
value  reported  for  reaction  IV. 22  when  ethyl  radicals  and  cyclohexene  are 
involved  (71). 

The  following  values  will  be  assumed  for  the  other  parameters 

(k  ’ 1  +  k'  '  7^  k*  v  ^  10^  l/mole  sec  will  be  taken  for  the 

diffusion  controlled  radical-radical  reactions  (73) • 

t/k-i  »  =  1,31  will  be  used  since  this  value  for  the  ratio 

has  been  reported  for  cyclohexyl  radicals  (95) • 

G( radicals)  =  10  will  be  assumed. 


The  radical  concentration  R*  for  any  given  dose  rate  may  be 
obtained  from  the  steady  state  relationship 


d 


dt 


2(k"  +  k‘") 


k'v 


0 


-  IV. 26 
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In  the  dose  rate  region  where 
step  IV. 22,  £r  Jis  given  by 


M 


R  reacts  predominantly  by 


I 

10k' 


IV.  27 


Since 


^  10  mole/l  in  this  system. 


% 

In  the  dose  rate  region  where  R  reacts  predominantly  by  steps 
IV. 23  -  IV. 24,  the  concentration  of  R*  is  given  by 


Using  the  value  k*  =  230  l/mole  sec,  and  plotting  resulting 

values  of  G(A)  and  G(RR)  against  dose  rate,  gives  the  plots  shown  in 

Figure  IV. 2.  It  can  be  seen  that,  for  this  value  of  k',  G(A)  and  G(RR) 

21  23 

are  dose  rate  dependent  in  the  region  10  -  10  ev/g  hour. 

In  order  that  no  dose  rate  dependence  in  the  yields  of  A  and  HR  be 

17  22 

observed  in  the  dose  rate  region  10  -  10  ev/g  hour,  the  radicals  would 

either  have  to  react  exclusively  by  step  IV. 22  or  exclusively  by  steps 
IV. 23  and  IV. 24,  over  the  whole  dose  rate  range. 

For  reaction  by  step  IV. 22  only  (i.e.  pseudo  first  order, 

radical-substrate)  to  occur  exclusively,  the  rate  constant  for  reaction  IV. 22 
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would  be  given  by  k*>10^  l/raole  sec. 

For  reaction  by  only  steps  IV. 23  and  IV. 2k  to  occur  (i.e.  second 
order  radical-radical  only),  the  rate  constant  for  reaction  IV. 22  would 
be  given  by  k'  <  0.1  l/mole  sec. 

(ii)  Application  to  the  Gyclohexene  System 

If  the  reactions  in  cyclohexene  are  free  radical  in  nature,  then 
species  A  and  RR  can  be  cyclohexane  and  dicyclohexyl  respectively. 

Reactions  IV. 22,  IV. 23  and  IV.2U  become  reactions  IV. 16,  IV. 17  and  IV. 18 
respectively.  Since  cyclohexyl  radicals  represent  only  a  portion  of  the 
radicals  present,  the  values  of  G( cyclohexane)  and  G( dicyclohexyl)  will 
be  less  than  the  values  of  G(A)  and  G(RR)  respectively,  for  G( total  radicals)  =10  , 
However,  the  general  shape  of  the  curves  shown  in  Figure  IV. 2  for  A  and  RR, 
will  be  essentially  the  same  for  the  cyclohexene  radiolytic  products. 

Figure  IV. 1  shows  that  there  may  have  been  a  slight  dose  rate  effect 
in  the  cyclohexene  system  in  the  lowest  dose  rate  region  covered.  If  this  is 
a  real  effect  then  a  value  of  k'jy  1  l/raole  sec  is  obtained  for  the 

cyclohexyl  radical  reaction  IV, 16,  if  radical- radical  reactions  are 
predominantly  occuring  over  the  dose  rate  region  covered. 
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(B)  MECHANISM  FOR  "PURE”  LIQUID  CICLOHEXENE  RADIOLISIS 

(a)  The  Mechanisms 

Many  mechanisms  were  tried  that  included  radical-radical, 
radical- substrate,  excited  molecule,  or  ion-molecule  reactions,  or 
included  combinations  of  these  four  reaction  types.  In  almost  all 
cases  the  mechanism  failed  to  explain  the  experimental  results.  The 
most  satisfactory  mechanisms  were  the  following 

Mechanism  (l) 

c-C6hio  — ^  c-C6H10*  -  VI. 29 

where  *  denotes  an  excited  molecule. 


c-OH  *  - >  c-CH  *  +  H  -  IV. 30 

6  10  6  9 

c-CH  *  +  M  - >  c-C.H  ♦  M  -  IV. 31 

6  10  6  10 


where  M  is  any  collision  partner  causing  deactivation  of  the  excited 
cyclohexene  molecule 


- 
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This  step  is  included  because  it  is  now  known  whether  or  not  C-H  bond 
cleavage  will  occur  specifically  in  the  3-position  in  step  IV .,30* 
Reaction  IV. 32  is  ~  1$  -  20  kcal/mole  exothermic.  (69) 


H  +  c_C6H10 


> 


■> 


c-C6H 


10 


IV.  33 


IV.  31; 


IV.35 


IV.  36 


IV.  37 


IV. 38 


The  disproportionation  reaction  between  a  cyclohexyl  radical  and 
a  c.yclohexenyl  radical  to  yield  cyclohexane  and  cyclohexadiene  has  been 
excluded,  since  the  yield  of  cyclohexadiene  in  this  system  is  negligible. 

Because  all  of  the  cyclohexane  yield  apparently  cannot  be  explained 
by  step  IV.36,  there  must  be  an  alternative  mode  of  formation  for  this 
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product.  This  will  be  discussed  later. 

Mechanism  (2) 

Reactions  IV. 29  -  IV.  3U  of  mechanism  (l)  cannot  be  distinguished 
from  the  following  ionic  reactions  on  the  basis  of  the  experimental  evidence 
obtained  in  this  work. 


+  +  e  - IV. 39 


- IV  ,14.0 


IV.  U2 


IV.U3 


iv.Uii 
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The  radicals  resulting  from  steps  IV. hi,  IV. k3  and  IV.lili  would  react 
as  in  mechanism  (l)  by  steps  IV. 35  -  IV. 38° 

(b)  Feasibility  of  the  Mechanisms 

(l)  Fates  of  the  Excited  Molecules 

Homo  lytic  cleavage  to  yield  a  cyclohexenyl  radical  and  an  H-atom 
is  the  primary  reaction  considered.  C-H  bond  cleavage  appears  to  predominate 
over  C-C  bond  cleavage  in  the  liquid  phase  radiolysis  of  cyclohexene. 

Products  arising  from  the  latter  were  not  exhaustively  studied  in  this  work. 


Since  the  rate  constant  for  an  H-atom  reacting  with  cyclohexene  is 


— 10^  l/mole  sec  (36)  (96)  (cf.^lO^  l/mole  sec  for  ethyl  radicals 
reacting  with  cyclohexene  (7l)  ),  any  other  reaction  for  H-atoms  may  be 


safely  neglected  for  radio lysis  conditions.  Thus  H-atoms  react  by 

steps  IV. 33  and  IV,  3I*  only. 

The  only  reactions  given  for  cyclohexyl  radicals  are  the  radical-radical 

reactions  IV. 35,  IV. 36  and  IV. 38*  The  calculation  described  in  section 

IV.  (A).  (6)  indicates  that  if  cyclohexyl  radicals  react  predominantly  by 

radical- radical  reactions,  k_TT  7^1  .  A  value  for  this  reaction  was  not 

IV .  lo 

found  in  the  literature,  but  the  value  of  k^  ^  will  be  expected  to  be  less 
(36)  than  the  value  of  k^y  ^  =  230  kcal/mole  (71)  reported  for  the 

corresponding  reaction  for  ethyl  radicals 


—  IV.U5 
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No  self-consistent  mechanism  could  be  found  that  included  cyclohexyl 
radical  attack  on  the  substrate  and  also  predicted  the  observed 
experimental  results. 

Due  to  resonance  stabilization  the  average  life  time  of  the 
cyclohexenyl  radicals  will  be  larger  than  that  of  the  cyclohexyl  radicals. 
Thus  if  it  is  true  that  the  cyclohexyl  radicals  react  exclusively  with 
other  radicals,  then  it  is  certainly  true  for  the  cyclohexenyl  radicals. 

No  mechanism  that  included  cyclohexenyl  radical  addition  to  substrate 
molecules  could  be  found  that  also  predicted  the  observed  experimental 
results.  Disproportionation  reactions  were  omitted  because  of  the 
negligible  yield  of  cyclohexadiene.  No  information  was  found  in  the 
literature  about  such  reactions  for  resonance  stabilized  radicals. 

(2)  Fates  of  the  Ionized  Molecules 

The  ions  formed  in  the  initial  radiation  act  may  undergo  chemical 
reactions,  or  they  may  be  neutralized  before  enough  time  has  elapsed  for 
such  reactions  to  take  place. 

The  initial  reaction  suggested  for  an  ionized  cyclohexene  molecule 
was  proton  transfer  to  another  cyclohexene  molecule  (step  IV.liL).  ‘This 
type  of  reaction  was  suggested  as  being  very  probable  by  Collinson  et  al  (67) 
in  the  liquid  phase  radiolysis  of  1-hexadiene.  The  carbonium  ion  formed  may 
undergo  reactions  IV.142  and  IV. 1*3  as  suggested  above.  Alternatively  hydride 
ion  transfer  from  a  cyclohexene  molecule  may  occur,  to  form  cyclohexane  as 
given  by  reaction  IV.  1*6. 


\ 


IV.U6 


Hydride  ion  transfer  has  been  reported  for  alkyl  radical  ions  under  mass 
spectrondc  conditions  (17)* 

Neutralization  of  the  cyclohexenyl  ion  by  step  IV. kh  would  give 
a  cyclohexenyl  radical. 

(c)  A  Note  on  Cyclohexane  Formation 

It  has  been  pointed  out  that  the  cyclohexane  is  unlikely  to  be 
formed  by  cyclohexyl  radical  disproportionation  reactions  alone.  Since 
the  experimental  results  can  apparently  be  fitted  only  to  a  mechanism  in 
which  the  radicals  (except  H-atoms)  react  among  themselves,  a  process 
forming  cyclohexene  must  presumably  be  occuring  that  does  not  include 
cyclohexyl  attack  of  a  cyclohexene  molecule.  The  net  effect  of  steps 
IV, 39,  IV. Ul,  and  IV.  1*6  above  is  the  overall  reaction  IV. U7  below 


Such  a  mode  of  cyclohexane  formation  would  fit  the  experimental  results 
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as  long  as  “free  ions1'  were  not  involved.  If  free  ions  were  involved 
then  a  dose  rate  dependence  in  the  cyclohexane  yield  should  be  observed 


(d)  Agreement  with  Experimental  Observations  -  Pure  Cyclohexene 

and  Cyclohexene-d 

10 

The  mechanisms  outlined  above  in  section  IV  (B)  (a)  predicts  the 
observed  dimeric  products,  dicyclohexyl,  3-cyclohexylcyclohexene,  and 
2,2 '-dicyclohexenyl.  Furthermore  their  yields  are  predicted  in  the 
observed  order  of  magnitude,  with  the  di-olefin  having  the  highest  yield 
and  the  saturated  dimer* 


The  observed  absence  of  a  marked  dose  rate  dependence  in  any  of 
the  products  is  satisfied  by  these  mechanisms  since  no  radical  or  ion  is 
reacting  in  both  a  1st  and  2nd  order  reaction. 


The  observed  effects  on  the  product  yields  caused  by  replacing 
cyclohexene  by  cyclohexene-d^  are  consistent  with  these  mechanisms.  For 
mechanism  (l)  deuteration  can  be  expected  to  increase  the  rate  constant 

ratios  kIv.31AIVO0,  kIv.33/kIV.3l,  “d  possibly  kiv.3S/kIV.36  • 

Ion-molecule  reactions  involving  G-H  bond  cleavage  may  also  be 
retarded  by  replacing  the  hydrogen  by  deuterium.  Thus  deuteration  may 
increase  the  rate  constant  ratios  kjv,^c/kIV.Ul  and  kIV  h3\IV  \\2  *  • 


*  Free  ions  are  pairs  of  ion  that  escape  immediate  recombination  after  they 
are  generated  in  the  liquid  by  irradiation. 


- 
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Thus  the  observed  decreases  in  the  yields  of  hydrogen,  cyclohexane  and 
2,2 ' -dicyclohexenyl,  the  observed  increase  in  the  yield  of  dicyclohexyl 
and  also  the  slight  increase  in  the  yield  of  cyclohexylcyclohexene  are 
all  consistent  with  these  mechanisms* 
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(G)  THE  EFFECT  OF  ADDITIVES  ON  THE  CYCLOHEXENE  RADIO LYTIC  SYSTEM 

(a)  The  Experimental  Observations 

The  following  experimental  observations  need  to  be  explained. 

(1)  All  ” cyclohexene  products”  *  are  inhibited  by  each  of  the 
three  additives  (i.e.  by  benzene,  1,3-cyclohexadiene  and  l,U-cyclohexadiene) , 
with  the  exception  that  cyclohexane  formation  is  not  inhibited  by 
l,U-cyclohexadiene.  (Hydrogen  suffered  only  slight  inhibition  in  the 
l,Ii-diene  solution,  but  the  effect  was  thought  to  be  real). 

(2)  All  of  the  Mcyclohexene  products”  suffered  their  greatest 
inhibition  when  1,3-cyclohexadiene  was  the  additive. 

(3)  The  relative  rates  of  additive  disappearance  for  any  given 
concentration  of  additive  were:- 

1,3-cyclohexadiene  >  l,U-cyclohexadiene  >  benzene 


*  The  terra  ”cyclohexene  products”  refers  to  those  products  that  were 

observed  in  the  radiolysis  of  pure  cyclohexene,  i.e.  hydrogen,  cyclohexane, 
2,2,-dicyclohexenyl,  dicyclohexyl,  3-cyclohexylcyclohexene  and  D-l  .  The 
polymer  was  not  characterized  and  is  not  therefore  included  in  this  term. 


. 


■ 
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(U)  The  percentage  inhibition  *  of  hydrogen  by  each  of  the 
additives  in  cyclohexene-d^  was  similar  to  the  percentage  inhibition 
caused  by  that  additive  in  cyclohexene* 

(5)  Cyclohexane  experienced  > 80%  inhibition  in  a  10$  solutions 
of  1, 3-cyclohexadiene  in  cyclohexene,  but  suffered  no  inhibition,  and 
possibly  slight  enhancement,  when  l,l±-cyclohexadiene  was  the  additive. 

(6)  When  1,3-cyclohexadiene  was  added  to  cyclohexene,  a  dimer 

of  1,3-cyclohexadiene  (i.e.  dicyclohexadiene)  was  formed  in  good  yield 

(G»6),  even  at  low  diene  concentration  ((  -^0.02).  The  yield 

1,3- diene 

of  this  product  reached  a  maximum  of  G  *  6*3  at  (  ^0.05  ,  and  then 

1,3-diene 

decreased  with  increasing  1,3-cyclohexadiene  concentration.  This  dimer 

was  also  formed  when  a  dilute  solution  of  1,3-cyclohexadiene 

(  £  =  0.006)  in  cyclohexane  was  irradiated. 

1,3-diene 

(7)  Although  dimeric  products  arising  from  the  reaction  of 
dicyclohexadienyl  radicals  were  apparently  observed  when  solutions  of 
l,U-cyclohexadiene  in  cyclohexene  were  irradiated,  no  such  products  were 
observable  when  1,3-cyclohexadiene  was  the  additive. 


#  For  any  "cyclohexene  product1'  the  percentage  inhibition 

=  100  (  G  -  G  .  ) 

\  ex  obsy 

Gex  is  the  expected  yield  of  the  product  (see  page  111  for  the  definition), 

G  is  the  observed  yield  and  G°  is  the  yield  of  the  product  from  the  pure 
obs  a 


additive . 
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(8)  The  rate  of  consumption  of  1,3-cyclohexadiene  was  higher 

when  the  diene  was  added  to  cyclohexene- d^  than  when  it  was  added 

to  cyclohexene.  (The  yield  of  dicyclohexadiene  may  also  have  been 

higher,  but  the  measurement  was  not  very  reliable  since  the  yield  of 

this  dimer  is  extremely  sensitive  to  small  changes  in  the  concentration 

of  1,3-cyclohexadiene  for  <0,02)  . 

1, 3-diene^ 

(9)  Only  1,3-cyclohexadiene  solutions  gave  high  polymer  yields. 


(b)  Effect  of  Benzene  Addition 

There  appears  little  doubt  that  “sponge  type"  ([;£)  protection 
by  benzene  occurs  in  liquid  radiolytic  systems  such  as  cyclohexane  (£3)  (79). 

It  was  observed  in  this  work  that  all  of  the  “cyclohexene  products'1  were 
inhibited  by  benzene.  The  relative  degrees  of  inhibition  for  each  of  the 
major  products  were  consistent  with  a  general  activation  transfer 
reaction  given  by 

+  C6H6  - *  °-°6H10  +  -  IV-W 

It  was  not  possible  to  draw  meaningful  conclusions  about  the  nature  of  the 
activated  c-C^H^q  species,  on  the  basis  of  the  data  obtained.  'Thus 
C~^6^10  kave  been  changed  and/or  excited.  The  yields  of  products  that 

might  have  resulted  from  a  radical  scavenging  process  appeared  to  be  low 
(G  <0.l)  .  Thus  it  appears  that  sponge  type  protection  by  benzene  occurred 
in  the  cyclohexene  system,  benzene  acting  as  an  energy  trap.  Since  benzene 
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is  relatively  more  stable  than  the  other  hydrocarbons  studied 
most  of  the  activation  energy  would  eventually  be  dissipated 
through  the  system  by  collisional  processes. 

Benzene  has  a  higher  ionization  potential  than 

* 

1.3- cyclohexadiene  .  Thus  inhibition  of  the  '‘cyclohexene  products" 

by  change  transfer  from  ionized  cyclohexene  molecules  to  solute 
molecules  may  be  a  more  probable  process  when  the  additive  is 

1.3- cyclohexadiene,  than  when  it  is  benzene.  ‘This  may  explain 
why  1,3-cyclohexadiene  inhibits  the  "cyclohexene  products"  more 
effectively  than  does  benzene. 


*  Ihe  appearance  potential  for  benzene  obtained  by  electron  impact 
study  in  this  work  was  9.9  +  0.3  ev  (see  Table  III. 31).  This  was 

higher  than  the  value  of  9.^2  ±  0.08  ev  (97)  obtained  by  Morrison 
using  a  similar  method.  Both  of  these  values  were  higher  than  a 
spectroscopic  value  of  9.28  ev  (98),  reported  for  the  formation  of 

/  N  4* 

(benzene)  .  'Thus  the  reliability  of  the  value  obtained  for  benzene 
by  electron  impact  is  open  to  question.  For  the  series  butane, 

2-butene  and  butadiene,  spectroscopic  values  for  the  first  ionization 
potentials  were  reported  as  10.38,  9.28  and  9.07  ev,  respectively  (98). 
The  spectroscopic  value  of  the  energy  for  (cyclohexene)+  formation  was 
reported  as  9.2  ±  0.0£  (99)  so  is  similar  to  2-butene.  It  therefore 
appears  reasonable  to  accept  the  values  obtained  for  the  appearance 
potentials  obtained  in  this  work  insofar  as  they  show  (cyclohexene)+. 


(Continued  on  next  page) 
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(c)  Effect  of  1,3-cycIohexadiene  Addition 

The  G- value  of  the  1,3-cyclohexadiene  dimer,  dicyclohexadiene, 

increased  very  sharply  from  zero  to  a  value  of  ^6  as  the  electron 

fraction  of  1,3-cyclohexadiene  was  increased  from  zero  to  ^  0.02 

(Figures  III. 10  and  III. 12).  The  yield  of  this  dimer  reached  a 

maximum  value  of  6.3  at  (  0.0£  . 

1,3-diene 

The  high  yield  of  a  product  arising  solely  from  the  solute 
in  this  low  concentration  region  clearly  indicates  excitation  and/or 
charge  transfer  from  the  activated  solvent  (cyclohexene)  to  the 
1^3-cyclohexadiene,  as  shown  by  equations  IV. U9,  IV. £0  and  IV. 51. 


c-°6H10 


c-C .H  ' 
6  10 


IV.  U9 


4  o_C6H10  * 


-  IV. 50 


-9  C  H 
12  16 


IV.  51 


where  4=  denotes  either  a  charged  or  an  excited  molecule. 


(cyclohexene-d  )+  and  (l,U-cyclohexadiene)  having  the  same  value 
of  9.2  +  0.2  ev  and  1,3-cyclohexadiene  having  a  lower  value  of 

8.7  ♦  0.3  ev  . 
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The  fact  that  a  ^2^16  sPec^-es  was  also  formed  when  a  dilute  solution 
of  1,3-cyclohexadiene  in  cyclohexane  was  irradiated  indicates  that 
reaction  IV. £2  involving  a  cyclohexene  molecule,  probably  did  not  occur. 


IV.  52 


Strengthening  this  conclusion  was  the  reported  formation  of  a 
dimer  of  2, 3-dime thyl-1, 3-butadiene  when  a  dilute  solution  of  this 
di-olefin  in  cyclohexanone  was  irradiated  (l'OO). 

Although  the  yields  of  the  individual 11  cyclohexene  type'1  dimers 

could  not  be  measured  for  solutions  where  >0.002,  it  is 

' 1,3-diene 

clear  that  they  were  decreasing  extremely  rapidly  with  increasing 
1,3-cyclohexadiene  addition  in  this  concentration  region.  The  fact 
that  the  inhibition  of  these  dimers  is  more  marked  than  that  of 
hydrogen  suggests  that  the  decrease  in  the  dimer  yields  is  due  not  only 
to  the  energy  transfer  reaction  IV. £0,  but  also  to  radical  scavenging. 

It  has  been  reported  that  methyl  radicals  add  ~700  times  more  readily 
to  1,3-cyclohexadiene  than  to  cyclohexene  (3U)»  A  similar  difference 
in  addition  rate  may  be  expected  for  0^- hydrocarbon  radicals.  buch  a 
radical  scavenging  mechanism  can  lead  to  polymer  formation  as  described 
below. 

Of  the  C^-ring  olefins  studied  in  this  work  only  1,3-cyclohexadiene 
can  form  a  long  chain  polymer  with  the  repeating  C^- rings  unopened.  In 


- 
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the  cases  of  cyclohexene  and  l,l±-cyclohexadiene,  formation  of  a 
trimer  is  sterically  hindered  and  formation  of  a  tetramer  by 
successive  monomer  addition  is  impossible  without  some  ring 
cleavage.  Both  ionic  and  free  radical  polymerization  appears 
possible  for  1* 3-cyclohexadiene. 

The  free  radical  path  is 


The  radical-ion  formed  in  step  IV, can  add  a  monomer  unit  to  either  ring. 
Alternatively  ring  closure  can  yield  the  dimer, dicyclohexadiene.  The 
dimerization  should  be  favoured  at  low  concentrations  of  1, 3~cyclohexadiene 
while  polymerization  by  both  mechanisms  should  be  favoured  by  increasing 
the  concentration  of  the  diene.  This  agrees  with  the  observation  that  the 
yield  of  dicyclohexadiene  decreased  as  ( 

I*!1”  diene 


is  increased  above  ^0,0^  » 
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while  G(polymer)  increased  rapidly  with  increasing  1,3-cyclohexadiene 
content  (see  Figure  III.  11;). 


The  cyclohexane  yield  was  markedly  reduced  by  the  addition  of 

a  low  concentration  of  1,3-cyclohexadiene.  Either  charge  or  energy 

transfer  or  radical  scavenging  could  account  for  this.  At  ^  3-diene^ 

the  yield  of  cyclohexane  was  G^O.l^  •  This  part  of  the  cyclohexane 

yield  was  apparently  not  inhibitable  since  the  yield  of  cyclohexane 

for  solutions  where  C  >0,10  was  apparently  proportional  to 

1,3-diene 

4  „  ,  .  The  hydrogen  yield  was  inhibited  less  than  the  yields  of 

^cyclohexene 

the  other  "cyclohexene  products"  by  the  addition  of  1,3-cyclohexadiene. 
This  appears  to  indicate  that  not  all  of  the  observed  reactions  in  the 
cyclohexene  system  could  arise  from  ionic  species,  since  in  such  an 
event  the  added  1,3-cyclohexadiene  would  be  expected  to  inhibit  all  of 
the  cyclohexene  products  to  the  same  degree. 


If  a  considerable  portion  of  the  hydrogen  yield  arose  from 
H-atora  abstraction  reactions  of  the  type 

H  +  RH  - >  H  +  R  - IV. ^6 

2 

then  the  yield  would  be  less  affected  than  the  yields  of  the  other 
"cyclohexene  products"  by  the  addition  of  the  1,3-cyclohexadiene.  This  is 
because  the  difference  in  the  rate  of  H-atom  reaction  with  cyclohexene 
and  with  1,3-cyclohexadiene  is  not  as  great  as  the  difference  for  a 
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larger  radical  reacting  with  these  compounds.  Tiius  it  appears  that 
at  least  some  of  the  hydrogen  yield  arises  from  H-atom  reactions. 


The  energy  transfer  reaction  IV. 50  is  in  competition  with 
reaction  IV. £7  below 


products 


IV.  ^7 


Since  several  C-H  bond  cleavage  processes  are  involved  in 

IV. 57  the  ratio  k  .  /k  will  be  expected  to  increase  if  cyclohexene 

IV. 50  IV t$7 

is  replaced  by  cyclohexene- d^  in  the  system.  This  may  explain  why  the 
rate  of  consumption  of  1,3-cyclohexadiene  is  higher  when  the  diene  is 
added  to  cyclohexene-d.^  than  when  it  is  added  to  cyclohexene. 


(d)  Effect  of  l.li-Cyolohexadiene  Addition 


As  ,  ..  was  increased  from  zero  to  0,10  there  was  a  marked 

1,4- diene 

increase  in  the  yield  of  two  types  of  dimer,  IV2  and  IV 3,  that  had  not 
been  formed  in  irradiated  cyclohexene. 


#  The  respective  rates  of  methyl  radical  addition  to  and  abstraction  from 
1,3-cyclohexadiene  are  ~700  and  ^350  times  faster  than  the  respective 
rates  of  addition  to  and  abstraction  from  cyclohexene  (3li).  The  rate 
for  H-atom  addition  to  butadiene  is  only  10  times  faster  than  the  addition 
to  cis2-butene  (101). 
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These  were  tentatively  identified  as  cyclohexenylcyclohexadiene  (D-2) 
and  dicyclohexadienyl  (D-3)  on  the  basis  of  their  retention  times  on 
the  silica-gel  and  silicone  rubber  V.P.C.  columns.  Although  these 
products  were  not  positively  identified,  it  did  appear  that  their 
formation  involved  cyclohexadienyl  radical  precursors.  No  direct 
dimerization  product  was  observed  that  corresponded  to  the  dicyclohexadiene 
formed  in  the  1,3-cyclohexadiene  solution.  Added  evidence  for  the 
presence  of  cyclohexadienyl  radicals  in  the  l,lp-cyclohexadiene/cyclohexene 
solutions  was  the  formation  of  1,3-cyclohexadiene  as  a  product,  and 
the  fact  the  yield  of  this  product  had  a  dependence  on  the  value  of 
that  was  similar  to  the  dependence  shown  by  D-2  and  D-3 

v 1,4-diene 

(see  Figure  III.ll).  Also,  cyclohexadienyl  radicals  have  been 
detected  in  irradiated  l,l*-cyclohexadiene  (3l)  • 

The  radicals  can  arise  at  low  l,U-cyclohexadiene  concentration 
in  the  observed  yield  (i)  from  the  decomposition  of  1,14-cyclohexadiene, 
following  energy  transfer  from  the  cyclohexene  or  (ii)  by  a  metathetical 
reaction  between  radicals  of  the  cyclohexene  system  and  l,h-cyclohexadiene. 
Neither  of  these  processes  alone  can  fit  the  experimental  data,  but  if 
both  processes  occured  a  fit  may  be  obtained. 

It  was  concluded  for  the  cyclohexene  system  that  the  radicals 
reacted  only  among  themselves.  For  such  a  condition  it  was  calculated 
that  the  rate  constant  for  hydrogen  abstraction  from  a  cyclohexene 
molecule  would  be  k  4  1  l/mole  sec  .  The  abstraction  of  an  H-atom  from 
l,il-cyClohexadiene  can  be  expected  to  be  easier  than  from  cyclohexene  (89). 


- 
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If  in  the  former  case  the  rate  constant  were  k^lO  l/mole  sec  then 
reaction  IV. £8  would  be  possible 

o  •  o  ->  o 

This  reaction  would  predict  a  rise  in  the  yield  of  cyclohexane. 

However,  since  the  reaction  corresponding  to  IV.£8  that  involves 
cyclohexenyl  radicals  is  ^15  -  20  kcal  less  exothermic  than  reaction 
IV. £8,  it  follows  that  the  yield  of  dicyclohexyl  should  be  markedly 
inhibited  while  that  of  2,2 '-dicyclohexenyl  should  hardly  be  inhibited 
at  all.  This  is  not  the  observed  experimental  result.  Both 
2,2 '-dicyclohexenyl  and  dicyclohexyl  are  inhibited,  although  the 
effect  in  the  latter  case  is  slightly  greater. 

If  energy  transfer  to  the  l,U-cyclohexadiene,  followed  by 
homo lytic  cleavage  of  the  diene  to  yield  an  H-atora  and  the  cyclohexadienyl 
radical  was  the  only  source  of  these  radicals  then  it  would  be  expected 
that  the  yield  of  cyclohexane  would  be  inhibited.  In  fact  it  appeared 
to  be  slightly  enhanced,  which  indicates  that  the  radical  process  for 
cyclohexadienyl  formation  is  also  occurring. 

Since  both  cyclohexene  and  cyclohexadiene  have  similar  hydrogen 
yields,  inhibition  effects  are  not  observable  on  the  basis  of  the  total 
yield.  If  energy  transfer  from  the  cyclohexene  to  the  l,k-cyclohexadiene 


. 
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were  highly  efficient,  then  even  for  a  10^  solution  of  l,U-cyclohexadien 
the  hydrogen  produced  in  cyclohexene-d^  might  be  expected  to  be  almost 
all  and  HD.  This  is  not  the  case,  as  can  be  seen  from  Table  111,25. 
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(D)  SUMMARY  OF  CONCLUSIONS 

It  seems  clear  from  the  nature  and  distribution  of  the  products 
from  irradiated  cyclohexene  and  cyclohexene-d^  ,  that  radicals  play 
an  important  role  in  this  system.  However  it  is  not  clear  to  what 
extent  the  precursors  of  the  radicals  are  ionic  species  and  to  what 
extent  they  are  excited  molecules.  The  most  satisfactory  explanation 
for  the  absence  of  a  dose  rate  dependence  in  the  cyclohexene  product 
yields  appears  to  be  that  the  cyclohexyl  and  cyclohexenyl  radicals 
react  among  themselves,  and  do  not  react  to  an  appreciable  extent 
with  the  substrate  in  the  dose  rate  region  studied. 

The  benzene  inhibition  of  cyclohexene  radiolysis  is  consistent 
with  a  "sponge  type"  protection  mechanism. 

When  1,3-cyclohexadiene  was  added  to  cyclohexene  it  is  clear 

from  the  high  yield  of  dicyclohexadiene  and  the  nature  of  the 

dependence  of  this  yield  on  C  that  activation  transfer 

1,3- diene* 

(energy  or  charge)  from  substrate  to  1,3-cyclohexadiene  was  a  major 
process.  Chain  polymerization  was  also  an  important  feature. 

The  inhibition  of  the  dimeric  products  from  cyclohexene,  while 
the  cyclohexane  yield  was  slightly  enhanced,  could  not  be  explained  on 
the  basis  of  a  single  process.  If  some  energy  transfer  from  the 
cyclohexene  to  the  added  l,U-cyclohexadiene  occurred,  and  at  the  same 
time  cyclohexyl  radicals  reacted  with  the  diene  to  yield  cyclohexadienyl 
radicals  by  a  metathetical  process,  then  a  fit  between  the  experimental 
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results  and  the  mechanism  could  be  obtained. 
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